


FOREWO

As a part of the Long Term Pavement Performance (LTPP)  Seasonal Monitoring Program, Time
Domain Reflectometry (TDR) technology has been used to monitor in situ moisture conditions at
selected LTPP test sites. The raw TDR wave form data have been available in the LTPP database
for some time. However, to be useful in engineering analyses, the raw data must be interpreted to
derive estimates of the in situ moisture content. This report documents analysis conducted to
develop and apply procedures for interpretation of the raw LTPP TDR data. The “computed
parameters” - volumetric and gravimetric moisture contents and related parameters - derived
through this analysis have been added to the LTPP database.

This report will be of interest to those who wish to use the LTPP seasonal monitoring data, and to
other users (or potential users) of TDR technology for in situ moisture monitoring.
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1. INTRODUCTION AND BACKGROUND

It is well known that the moisture condition of pavement materials can significantly affect
pavement performance. An increase in moisture in subgrade  and unbound base materials can
weaken these materials and affect the pavement’s response to traffic  loading, ultimately affecting
pavement service life. Also, variation in moisture in the subgrade  can change the volume of the
swelling soil, which may result in detrimental deformation of the pavement structure.

To better understand the environmental factors and their effects on pavement
performance, the Long-Term Pavement Performance (LTPP)  Seasonal Monitoring Program
(SMP) was initiated during 1992. Sixty-four LTPP sections were identified to be included in the
SMP. These sections are monitored frequently to acquire data on seasonal variation in pavement
conditions. As part of this effort, time domain reflectometry (TDR) sensors are used to measure
moisture content in unbound base and subgrade  materials. TDR data are being collected using
the three-prong TDR probes developed by the Federal Highway Administration (FHWA), as
illustrated in figure 1 [l]. Ten TDR probes are used at each section, with the first 8 probes
spaced at 152 mm and the last 2 probes spaced at 302 mm. Figure 2 shows a typical
instrumentation layout at LTPP SMP sites [ 11.

Several calibration and function checks are performed during the installation of the TDR
probes at the SMP sites. TDR probes are checked in air, distilled water, and shorted. The
dielectric constant in air should be between 0.75 and 2.0, and the dielectric constant in distilled
water should be between 76 and 84. When shorted, the resulting TDR trace should have a sharp
single peak at the beginning of the probe trace. TDR traces and on-site moisture measurements
(obtained using traditional methods) are also collected during the installation of each TDR probe.
It is very important to understand the installation situation when conducting analysis on the TDR
traces. For example, from the site installation report for LTPP section 271018 in Little Falls,
Minnesota, it was noted that TDR probe placement and resulting data from probes 8,9, and 10
could be questionable because these probes were placed in a slurry of sand and water.

The TDR procedure has been used to determine the in-situ moisture content in soils since
the late 1970’s,  and it has become one of the most reliable methods for measuring in-situ soil
moisture. In the TDR method, an electromagnetic wave is transmitted along a coaxial metallic
cable that acts as a waveguide. The velocity of the pulse is influenced by the dielectric constant
of the material (for example, as a result of moisture changes), which can create wave reflections
(indicated by slope changes in the return wave pulse recorded by the TDR readout unit). TDR
waveforms can be recorded using TDR sensors connected to a personal computer. A TDR trace
normally consists of a peak followed by a valley, which is typically characterized by two
inflection points. The apparent length of the trace can then be computed from the identified
inflection points. The bulk soil dielectric can be computed from apparent length. The dielectric
constant of air is 1 and the dielectric constant of water is approximately 80, whereas that of dry
soil is between 3 and 8, depending on soil type and density. Several methods exist for
computation of apparent length. The Method of Tangents and the Method of Peaks are widely
used by researchers.
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Figure 1. TDR probe installed in the LTPP SMP sites [ 11.
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Figure 2. LTPP SMP instrumentation layout [l].

2



The volumetric moisture content is estimated from  the measured dielectric constant using
regression type equations such as Topp’s equation [l] or semi-empirical soil mixing formulations
such as Roth’s model [2]. Topp’s equation was previously proposed for use with the LTPP SMP
data. The gravimetric moisture content is then determined using standard formulations that
require knowledge of the dry density of the soil.

Objectives and Work Scope

The goal of the study reported here was to produce good estimates of in-situ gravimetric
moisture contents and associated computation errors from interpretation of TDR measurements.
All TDR traces in the LTPP information management system (IMS)  table SMP_TDR_AUTO
that were recorded at LTPP SMP test sections and available in the IMS as of Spring 1998 were
processed using the approach developed in this study. Table 1 lists all SMP sites with TDR
probes installed and trace data collected. The following list enumerates the tasks performed in
this study:

0
l

0

0
l

0

0
0

0

0

0
a

Interpretation of the TDR traces.
Computation of the apparent length and dielectric constant.
Precision and bias study of the computed apparent length.
Diagnostic study of the computed soil dielectric constant.
Development of the models to estimate volumetric moisture content.
Determination of the gravimetric moisture content.
Error estimate of the computed moisture contents.
Diagnostic study of the computed moisture contents.
Identification of the necessary material properties for the computation.
Development of guidelines for uploading computed parameter tables relating to
the interpretation of the TDR data and moisture contents.
Development of procedures for routine analysis of the TDR traces.
Processing and quality checking all the available TDR traces in the IMS database.

Report Organization

This report documents the research efforts and findings of the TDR data study. The
report consists of six chapters and four appendixes. Chapter 1 discusses the background
information, objectives, and the scope of work. The selection of the TDR trace interpretation
method; computer program (Moister) for interpreting TDR traces; computation of the trace
apparent length, dielectric constant, and the associated error estimates; and the diagnostic study
of the computed dielectric constant are discussed in chapter 2. Chapter 3 describes the
development of models to compute volumetric moisture contents using dielectric constants and
material properties and the equation to compute the gravimetric moisture content. Error
estimates of the computed volumetric and gravimetric moisture contents and diagnostic study of
the moisture contents are also discussed in chapter 3. Identification of the needed material
properties for all the computations are described in chapter 4. Chapter 5 describes procedures for
routine processing of the TDR trace data. Finally, conclusions and recommendations for future
activities are presented in chapter 6.



Table 1. All SMP sites with TDR probes installed and trace data collected.

1 Section 1 State Name 1 Experiment 1 Pavement 1 TDR lnsta

I 40114 I Arizona I SPSl  I

131005 1 Georgia 1 GPSl

31 I Manitoba I

I 274040 I Minnesota I

I 364018 New York
35 North Carolina
18 Nor th  Caro l ina

GPS4
sPS2
sPS2

JRCP
PCCF

10/27/93 I

I5 I Saskatchewan I GPSl  I ACP I 10/6/93  I

501 Texas 1 GPSl ACP I 1 l/30/93 I
481077 1 Texas 1 GPSl [

4930 11 U t a h GPS 3 JPCP 813193 11 I93 - WI97 A
4 9 1 0 0 1 U t a h G P S  1 ACP 815193 11 I93 - w/97 B
501002 Vermont GPSl ACP 1 O/6/93 10193 - 10197 A
533813 Washington GPS 3 JPCP 7/l  8195 07195 - 08196 A
561007 Wyoming G P S  1 ACP 8/10/93 08197 - W/97 A
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Appendix A provides a list of the TDR traces from the IMS database that are abnormal
and not interpretable. Traces that were selected for the precision and bias study for the computed
apparent length are given in appendix B. Appendix C lists the material properties that were
identified and used for computation of the gravimetric moisture contents. Appendix D provides
charts showing seasonal variation in volumetric moisture content, gravimetric moisture content,
and corresponding daily rainfall for each test section included in this study.
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2. INTERPRETATION OF TDR TRACES

The first major step to determine in-situ soil moisture content using the TDR procedure is
to determine the apparent length, La, of the TDR trace. The apparent length of the interpretable
TDR traces is then used to compute the dielectric constant and the volumetric moisture content
for the material surrounding the TDR gauge. The theory and approaches to determine the
apparent length have been discussed in the literature [l-l 11.

The TDR probes used are three-prong TDR probes developed by FHWA, as shown in
figure 1. An ideal trace of the propagation of a voltage pulse in a three-prong transmission line
cable-handle-waveguide is given in figure 3. As shown, the rectangular wave above the interval
OA is caused by the reflection from the cable-handle connection, travel along the handle, and
reflection from the handle-waveguide connection. The rising signal beginning at B is caused by
the reflection from the ends of the waveguides. After point B, the trace pattern is a result of
multiple reflections from the handle and waveguides. The apparent length of the ideal trace is
very easily identified as length AB.

For actual TDR probes embedded in soil, the recorded traces are rounded, as shown in
figure 4, by wave dispersion due to the measurement delay of the instrument and non-ideal
behavior of the soil (the dielectric medium), and the probe and cable. The degree of dispersion
increases with longer cables and number of reflections [5]. Variations in soil water content along
the rods may also contribute to dispersion. The differences between the shapes of the measured
and ideal traces complicate the determination of the apparent length of the TDR trace, as shown
in figure 4. A typical TDR waveform consists of a peak followed by a valley. The apparent
length of a TDR trace is the difference between the two inflection  points of the peak and the
valley. In a few cases, the peak may not be followed by a valley. In these cases, the trailing or
end portion of the waveform simply exhibits a flat trend. It may not be possible to interpret such
traces.

Selection of the Trace Interpretation Method

Several methods exist for identifying inflection points of a TDR trace, but the Method of
Tangents and the Method of Peaks are most widely used [6]. The Method of Tangents was found
to be the most accurate method by comparing the TDR results and the laboratory-determined
moisture content in a recent study by Klemunes using soil samples from 28 LTPP SMP test sites
[7]. This conclusion was verified in this study using Klemunes calibration database [6]. The
Method of Tangents is illustrated in figure 5. The initial inflection point is determined by
locating the intersection of the horizontal and negatively sloped tangents at the trace’s local
maximum value, and the final inflection point is located at the intersection of the horizontal and
positively sloped tangents at the trace’s local minimum value.

Although the Method of Tangents is applicable to most TDR traces, it does not apply to
all soils, especially very dry or partially frozen soils. For these situations, the Method of Peaks
(illustrated in figure 6) may be used. The initial inflection point is determined by locating the
intersection of the tangents drawn on both sides of the first inflection point. The final inflection

7
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Figure 5. Illustration of the Method of Tangents (section 5 10 113).
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Figure 6. Illustration of the Method of Peaks (section 5 10113).
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point is located at the intersection of the tangents drawn on both sides of the final inflection
point.

On the basis of work performed under this study, the Method of Tangents was selected as
the primary method to determine the apparent length for the LTPP data. For the TDR traces
representing very dry or frozen soils, the Method of Peaks was selected for identifying the
inflection points and estimating the apparent length. Figures 7 and 8 provide example TDR
traces for data where the Method of Tangents applies, and figure 9 shows an example trace for
which the Method of Peaks applies.

Factors influencing the accuracy and precision of the TDR interpretation method include
extremes in soil mixture conductivity, salinity, and possibly temperature effects. Saline-like
conditions in the soil can cause a short circuit in the TDR probes, which makes the final
inflection  point of the TDR trace difficult to locate. In the trace interpretation procedure, an error
code is assigned to flag such conditions. In some cases, the initial inflection point is missing
from the TDR trace. Error code “al” is assigned to these traces, an example of which is shown
in figure 10. For the traces where the final inflection point is either missing or not interpretable,
an error code “bl” is assigned. Examples of such traces are given in figures 11 and 12. TDR
traces showing other abnormalities are given the error code “OT,” as shown in figure 13. Many
abnormal traces tend to occur at the same TDR probe, which may indicate any of the following
problems:

0 Signal noise, mostly applicable to “OT” type abnormal traces.
0 Equipment malfunction, mostly applicable to “OT” type abnormal traces.
0 Operator errors, applicable to “al ” and “bl” type abnormal traces.
0 Highly conductive materials, such as material with highly conductive mineral

content or soils under saline conditions, applicable to “bl” type abnormal traces.

Typical TDR trace patterns and error codes used to classify TDR trace shapes are listed in
table 2. Appendix A provides a complete listing of the problematic traces that cannot be used to
determine apparent length of the trace. The number of traces where the apparent length could not
be determined accurately was 1,5  19 out of a total of 19,663 TDR traces (or about 80 percent of
the traces) available as of Spring 1998.

Development of the Computer Program Moister

As part of this study, a computer program called Moister was developed to view and
process TDR traces. Figure 14 shows the main TDR trace viewing and interpretation window of
Moister. As shown, the program uses the TDR trace data from a table containing TDR trace
point data in an Access@ database and plots the smoothed trace on the screen. The trace shown
on the screen can then be processed automatically using the algorithm implemented in the
program, and the identified inflection points and the corresponding tangent lines will show up on
the same screen for user review. The program can process the TDR traces in the following two
ways:
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Figure 7. Example TDR trace for which Method of Tangents applies (section 33 1001).
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Figure 8. Example TDR trace for which Method of Tangents applies (section 281016).
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Figure 9. Example TDR trace for which Method of Peaks applies (section 25 1002).
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Figure 10. Example TDR trace for which error code “al” applies (section 271018).
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Figure 11. Example TDR trace for which error code “bl” applies (section 33 1001).
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Figure 12. Example TDR trace for which error code “bl ” applies (section 13 103 1).
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Figure 13. Example TDR trace for which error code “OT” applies (section 271018).

Table 2. Typical TDR trace pattern or error codes.

I Pattern or Error Code Description

TG I Automatically processed using Method of Tangents

PK I Automatically processed using Method of Peaks---I
MT I Manually identified using Method of Tangents 1
MP Manually identified using Method of Peaks

al Error associated with the first inflection point

bl

OT

Error associated with the second inflection point

Other abnormal traces
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Figure 14. Program Moister’s main trace viewing and processing screen.

1 . Moister can automatically process all the TDR traces collectively and show the
identified inflection points on the screen for user review.

2 . Alternatively, Moister can locate the inflection points one trace at a time
interactively with the user (semi-automatic procedure). This can be done by using
the algorithm implemented by the program or by moving the inflection points on
the program screen 0.01 m at a time. Once the user is satisfied with the location
of the inflection points, the inflection points are recorded by using the “Apply”
button and selecting an appropriate TDR trace pattern or error code.

The location of the inflection points A and B and the corresponding trace pattern or error
code are stored in the same table as the original TDR trace points for later review. Moister
provides a user-friendly interface to easily view and interpret TDR traces. Tool buttons are
available for easy navigation within the TDR trace table, namely “Next Record,” “Previous
Record, ” “Last Record,” “First Record,” and “Go To”. Moister also serves as a very effkient
tool for quality control of the computed quantities.

Moister Algorithm

An algorithm was developed for Moister to interpret the first and second inflection points
of the TDR traces using both the Method of Tangents and the Method of Peaks. Before

15



identifying the inflection points, the raw TDR traces are smoothed out using a seven-point
moving average approach. The first inflection point occurs at the crest of the peak, and the
second inflection point occurs at the bottom of the valley. The distance between the two
inflection points is referred to as the apparent length of the TDR gauge, as shown in figures 5 and
6. The following is a brief description of the algorithm implemented by Moister.

Method of Tangents

As shown in figure 5, the implementation of the Method of Tangents involves the
following steps:

Determine the first inflection point, A
1 . Identify the first waveform maximum, point Al, and draw a horizontal line at Al.
2 . Identify the waveform minimum point, B 1.
3. Identify the sharpest negative slope point between point Al and (Al+ (Bl-A1)/2),

point A2.
4 . Draw the tangent line at point A2.
5. The intersection point of these straight lines is the first inflection point, A.

Determine the second inflection point, B
1 . Draw a horizontal line at minimum point, B 1, as identified above.
2. Identify the sharpest positive slope point between B 1 and B 1+60  (or B 1 (m) +0.6

m), which gives point B2.
3. Draw the tangent line at point B2.
4 . The intersection point of these two straight lines is the second inflection point, B.

Method of Peaks

Figure 6 illustrates the implementation of the Method of Peaks, which involves the\
following steps:

Determine the first inflection point, A
1 . Identify the first maximum rise point (sharpest positive slope point), Al.
2. Identify the minimum slope point between point Al and the global minimum.

This gives point A2.
3. Draw the tangent line at point Al and the tangent line at point A2.
4 . The intersection point of these straight lines is the first inflection point, A.

Determine the second inflection point, B
1 . Identify the smallest or flattest slope point between a point halfway between the

first maximum point and the global minimum. This gives point B 1.
2 . Identify the sharpest positive slope point between B 1 and B 1+60  (or Bl(m) +0.6

m), which gives B2.
3. Draw the tangent line at point B 1 and the tangent line at point B2.
4 . The intersection point of these two straight lines is the second inflection point, B.
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Computation of Apparent Length and Soil Dielectric Constant

Once the TDR trace inflection points are determined, the apparent length and the
dielectric constant of the soil can be calculated using the following standard equation [7]:

Ka  = La
t i

2

c= * VP) (1)

where: La =
=

Inflection-A =
Inflection-B =
K a =
L =

VP =

Apparent length of the TDR trace, m.
Inflection-B - Inflection-A.
First inflection point.
Second inflection point.
Dielectric constant of the soil.
Actual length of the TDR probe, m (typically 0.203 m for
LTPP data).
Propagation velocity of the TDR wave, typically 0.99.

Precision and Bias of the Computed Apparent Length and Dielectric Constant

Since TDR waveforms come in different shapes and have different radii at the inflection
points, any interpretation method and algorithm will introduce some degree of error or
uncertainty. It is, therefore, important to quantify the quality of the measurements and
computations, specifically, the precision and bias of the computed apparent lengths and the
computed dielectric constants. The following two sections discuss the error estimates of the
computed apparent length and dielectric constant, respectively.

Error Estimate of the Computed Apparent Length

According to ASTM standard E 177-90a  [12], precision is a generic concept related to the
closeness of agreement between test results obtained under prescribed like conditions from the
measurement process being evaluated. A statement on precision is not intended to contain values
that can be exactly duplicated in every user’s laboratory. Therefore, in the cases that the apparent
length can be determined using the computer program Moister automatically, a precision
statement does not apply since there is always a unique value for each trace. When the apparent
lengths need to be identified manually or semi-automatically, a precision statement needs to be
developed. The two-standard deviation limit was selected as the index of precision of the TDR
trace interpretation process.

According to ASTM standard E 177-90a [12], the bias of a measurement process is a
generic concept related to a consistent or systematic difference between a set of test results from
the process and an accepted reference value of the property being measured. In determining the
bias, the effect of the imprecision is averaged out by taking the average of the very large set of
test results. This average minus the accepted reference value is an estimate of the bias of the
process.
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According to ASTM standard E-456-96 [ 131,  an accepted reference value is a value that
serves as an agreed-upon reference for comparison and may be:

1 .
2 .

3.

A theoretical or established value, based on scientific principles.
An assigned or certified value, based on experimental work of some national or
international organization.
A consensus or certified value, based on collaborative experimental work under
the auspices of a scientific or engineering group.

Method 3 was selected to establish the accepted reference value for apparent length in
this study.

Four engineers were recruited to perform the precision and bias study for the computed
apparent length using TDR traces. A total of 25 TDR traces representing typical TDR trace
patterns recorded from the SMP sites were selected for the precision and bias study. The TDR
traces selected for the precision and bias study are given in appendix B.

A short training session on the principles of the TDR trace analysis was conducted first
for the four engineers involved. After that, the selected engineers did the trace interpretation
manually, using ruler and pencil. The average manual trace reduction time for individual traces
was about 2 to 3 minutes. The results of the manual trace reduction are provided in table 3.
Assuming that the variance is same for all the TDR trace interpretations, then the pooled sample
standard deviation can be computed using the following equation:

(2)

where: Sp = Pooled sample standard deviation.
Si = Sample standard deviation for i*  population group.
ni = Number of samples for i*  population group.
i = iti  population group.

m.
The pooled sample standard deviation for the 25 TDR traces was determined to be 0.011

After the manual trace reduction exercise was completed, the same four engineers
performed the TDR trace analysis using the semi-automated method. The computer program
Moister was used to view and identify the initial and the final inflection points of the traces in the
semi-automated trace interpretation method. The program assists the analyst by drawing the
logical tangent line and horizontal line using the inflection points picked up by the analyst and
the information embedded in the trace itself. This makes trace reduction easier and more
accurate. The engineers’ average trace reduction time was about 20 to 40 s per trace using the
semi-automated method. Table 4 gives the apparent length results obtained by the semi-
automated method. The pooled sample standard deviation for the 25 TDR traces was determined
to be 0.010 m.
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Table 3. Apparent length results using manual trace interpretation  method.
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Table 4. Apparent length results using semi-automated trace interpretation method.
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Because of the reduction time and the number of TDR traces involved, manual trace
reduction was considered too time consuming and not feasible for production purposes. For
example, for the currently available 20,000 TDR traces collected from the SMP sites,
approximately 800 to 1100 hours of processing time would be required using the manual trace
interpretation method without gaining much on accuracy.

Moister was developed to address the automated and semi-automated TDR trace
reduction needs. Most TDR traces can be processed automatically using the algorithm
implemented in the program. For traces that require use of the semi-automated method, the
precision is defined by the two-standard deviation limit, as recommended by the ASTM standard
E 177-90a. In this case, the following equation applies because the average standard deviation of
this method was determined to be 0.010 m.

Precision of semi-automated TDR trace interpretation = 2 *  0.01 m = 0.02 m (3)

To estimate the bias of the TDR trace analysis algorithm implemented by Moister,
consensus values were established among the participating engineers for the selected 25 traces.
The consensus values were used as the reference values for the automated TDR trace
interpretation method. Table 5 provides the apparent length results obtained both by Moister and
by consensus, as well as the differences between the two sets of values. The average difference
between the apparent length obtained from Moister and the reference value was 0.002 m. This is
the estimated bias for the TDR interpretation method used by Moister. Since the bias is smaller
than the resolution of the TDR waveform (0.01 m), the bias of the method implemented by
Moister can be considered insignificant.

Error Estimate of the Computed Dielectric Constant

Dielectric constant was calculated using the following formula:

Ka = La( I 2

@ * VP)
(4)

where: Ka =
La =
L =
vp =

Dielectric constant of the soil mix.
Apparent length of the TDR trace, m.
Actual length of the TDR probe (typically 0.203 m for this work).
Propagation velocity of the TDR wave, typically 0.99.

Since the actual length of the TDR probe is a controlled design dimension and the
propagation velocity is a controlled equipment setting, they both can be assumed to be accurate;
the error of the computed dielectric constant, Ka, depends solely on the error introduced by the
apparent length. By error propagation law, the error in Ka can be calculated using the following
equation:

aKa  = -aKa ALa
dLa (5)
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Table 5. Comparison of La results from  Moister and consensus values.

07122196 07~23 2524 0.840 0.842 -0.002

09130196 08133 2544 0.839 0.841 -0.002

11/16/95 09:18 3640 0.707 0.704 0.003

05/10/96 15:25 7677 0.479 0.476 0.003

07/23/96 15:44 7742 0.637 0.634 0.003

Mean Difference, m 0.002

Standard deviation of the Difference, m 0.007
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Applying the partial differentiate:

AKa  = 2 * (Ld(L  * VP)“,  * ALa

Substitute the following values:

(6)

vp = 0.99
L = 0.203 m (LTPP data)
nLa  = 0.01 m (as determined in the previous section)

then

AKa  = 0.5  La (7)

The above equation gives the estimated error of the computed dielectric constant. For
example, at an La of 1.2 m, the estimated error associated with the computed dielectric constant
value of 35.64 is about 0.6.

Diagnostic Study of the Computed Dielectric Constant

The dielectric constant of a material is defined as the ratio of the capacitance of that
material to the capacitance in air. Unbound materials in pavement base, subbase, and subgrade
contain basically solids, water, and air. The dielectric constant of air is 1 .O, and for water it is
typically around 80. For soil solids, the dielectric constant is typically between 3 and 8.

For a completely dry soil that contains only soil solids and air, the composite dielectric
constant should be slightly less than that of the soil solids. As moisture is added to the soil, the
composite dielectric constant will increase because of the large dielectric constant of the water.
Therefore, theoretically, the dielectric constant of the soil mixture can be between 1 and 80; a
typical range is between about 2 and 50.

Figures 15 and 16 show the frequency distribution of the dielectric constant values of
coarse- and fine-grained soils as determined for the 19,663 traces from the LTPP SMP sites. As
shown, dielectric constant values for coarse-grained soils are between 1.6 and 25, and for fine-
grained  soils they are between 1.8 and 58, with about 99 percent of values between 3 and 50.
This difference in dielectric constant distribution between the coarse and fine soils is expected,
since the fine-grained soils tend to retain more moisture. The computed dielectric constant
values from the LTPP SMP sites are within a reasonable range.
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Figure 15. Frequency distribution of the dielectric constants for the LTPP SMP
coarse-grained soils.
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Figure 16. Frequency distribution of the dielectric constants for the LTPP SMP
fine-grained soils.
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3. DETERMINATION OF VOLUMETRIC AND GRAVIMETFUC
MOISTURE CONTENTS

As previously discussed, in-situ moisture contents of the unbound materials and subgrade
soil are important material properties that can affect pavement performance. This section of the
report documents the research effort to develop models to compute the volumetric moisture
content and the gravimetric moisture content of the base, subbase, and subgrade  materials at the
LTPP SMP sites.

Determination of In-Situ Volumetric Moisture Content

Two common approaches are used to relate the apparent dielectric constant to soil
volumetric moisture content (VW%): the empirical approach and the theoretical approach.

In the empirical approach, the apparent dielectric constant, Ka, is related to the
volumetric moisture content directly using empirical regression functions. No physical
justification of the model form is considered in this approach. The functional form most
frequently used is the third-order polynomial. Topp was one of the first researchers who
obtained the third-order polynomial empirical model relating Ka to Vw% [2], and his equation is
the most widely used to determine volumetric moisture content directly from the apparent
dielectric constant in the agricultural field. Topp’s equation applies to all types of soils;
however, because it is a generic model applicable to all soils, it is not very accurate in all cases.
Topp’s model is given below:

where: VW% = Volumetric moisture content, %.
Ku = Dielectric constant.

The advantage of the empirical model is its ease of use. When calibrated to a specific soil
type, this approach can give accurate results.

The theoretical approach involves derivation of a fundamental equation from the soil
dielectric mixing models. The soil mixing models relate the composite dielectric number of a
multi-phase mixture to the dielectric number and volume fractions of its constituents---soil,
water, and air. The following three mixing models are the most widely used:

0 Three-phase model [3], which includes soil, water, and air.
0 Four-phase model [4], which includes soil, free water, bound water, and air.
a Maxwell-De Loor  model [S], which also includes four phases.

Compared with the empirical models, the mixing models are theoretically more sound
and have the potential to describe the relationship between the apparent dielectric constant and
the volumetric moisture content because they account for the influence of the individual soil
constituents. These more theoretically oriented approaches were not adopted for the following
reasons:
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0 The semi-theoretical models require more material property inputs (e.g., dry
density and specific gravity) for the material around the TDR probes. These
material properties are not available in the IMS database at the present time.

l The models developed using the more theoretical approach sometimes yield
physically meaningless estimates of some parameters (e.g., negative soil dielectric
constant).

Klemunes recently performed a comprehensive study to develop calibrated mixing
models for specific soil samples [7]. Twenty-eight soil samples were obtained from 28 LTPP
SMP sites. For each soil sample, TDR traces were obtained and soil testing for dry density and
gravimetric moisture content was conducted at several moisture levels and up to six compaction
levels. A total of 415 data points was obtained, with measurements including specific gravity,
dry density, gradation parameters, plastic limit, liquid limit, gravimetric moisture content,
volumetric percentage of the soil mixture, and the corresponding TDR traces. Some traces
exhibited shorted trace characteristics and could not be interpreted accurately. They were
therefore viewed as outliers. After eliminating the outliers, 397 data points remained in the
database. This provided a good database for calibrating the models relating Ka with Vw?!.

Klemunes’ database also provided a good opportunity to evaluate the different
methodologies used to compute the volumetric moisture content using the apparent dielectric
constant of the mixture. In the study reported here, empirical models, three-phase models, and
four-phase mixing models were evaluated using Klemunes’ data base. It was found that the
four-phase mixing model yielded slightly higher R2 than the three-phase mixing model, but it
often gave physically meaningless parameter estimates. Therefore, four-phase models were not
considered in this study. The three-phase mixing models and empirical models yielded
comparable accuracy. The three-phase mixing models require the knowledge of the dry density
and specific gravity of the soil and sometimes give physically meaningless parameter estimates.

As a result, only empirical models were considered and proposed for use in this study.
Four empirical models were developed in this study. They are discussed in detail in the
following sections.

Third-Order Polynomial Ku Models

Figure 17 shows the computed dielectric constants versus laboratory determined
volumetric moisture contents used in the model development database. As shown, values for
coarse-grained soil show different characteristics compared with those of the fine-grained soil.
Furthermore, they both follow approximately a third-order polynomial functional form within the
inference range of the dielectric constant. As a result, data for coarse-grained soil and fine-
grained  soil were modeled separately in order to provide a more accurate model. The third-order
polynomial function form was selected for both material types. Data for all soil types were also
modeled together for the use of dielectric constant values  that fell out of the inference range of
the individual models.
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Figure 17. Volumetric moisture content versus dielectric constant data
used in the model development.

It is important to recognize that the models presented here reflect only the dielectric
constant range or the inference space that was used to develop the model. They are valid only for
these conditions (as given in table 6) because there is no evidence that the models are appropriate
outside the range of the existing data. Care must be exercised in extending these models beyond
the conditions for which they were developed.

The empirical regression equations developed using only dielectric constant as
independent variable in this study are given below:

VW%  = a, + a,Ka  + a, Kd  +a,  Kd (9

where: a, al,  a,, a, = Regression coefficients as given in table 6.
K a = Bulk dielectric constant.
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Table 6. Volumetric moisture model parameter estimates and standard errors.

Model Type a0 al a2 a3

Coarse-grained soil, N = 237, R* = 91%,  Adjusted R* = 91%,  Standard error of estimate
(SEE) = 2.3, 1.5cKac24.8

Coarse-Ka model -5.7875 3.41763 -.13117 0.0023 1

Standard Error 1.5968 0.4588 0.03912 0.001011

Fine-grained soil, N=160,  R*=75%,  Adjusted R* = 75%,  SEE = 6.0,3<Ka<58.4

Fine-Ka model 0.4756 2.75634 -0.061667 0.000476

Standard Error 2.1725 0.3575 0.00476 0.000175

All soil, N=397,  R*=SO%,  Adjusted R* = 79%,  SEE = 4.8, 1.5cKac58.4

AllSoil-Ka  model -0.8120 2.38682 -0.04427 0.000292

Standard Error 1.1107 0.19875 0.009292 0.000114

Figures 18 through 20 compare the actual volumetric moisture contents with the predicted
volumetric moisture contents for the third-order polynomial models developed for the coarse-
grained  soil, the fine-grained soil, and all soils combined. As shown, the line-grained soil data
exhibit more scatter than the coarse-grained soil data. The fine-grained model has a lower R*.
Figures 21 through 23 plot the raw residual distribution for all three models. Again, the fine-
grained  model residuals deviate most from the normal distribution. Figure 24 shows all three
polynomial models together with Topp’s model. Within their inference range, the models are
reasonably close to each other.

Gradation Models

It was suggested by the LTPP Data Analysis Expert Task Group that gradation
parameters, plastic limit, and liquid limit be included as independent variables for the regression
models. These variables were selected because they are intrinsic material properties that
significantly affect the soil behavior, especially for fine-grained soil. This was an attempt to
refine the regression model and to increase the R* of the model. The following gradation
parameters and Atterberg limits were considered in developing the gradation moisture content
models:

G112 Percent passing 1 ‘/-in sieve
Gl Percent passing 1 -in sieve
G3-4 Percent passing %-in sieve
Gl-2 Percent passing s-in  sieve
G3-8 Percent passing Y&in sieve
No4 Percent passing No. 4 sieve
No10 Percent passing No. 10 sieve
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Figure 18. Predicted versus observed volumetric moisture content
for coarse-grained soil Ka model.
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Figure 19. Predicted versus observed volumetric moisture content
for fine-grained soil Ka model.
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Figure 20. Predicted versus observed volumetric moisture content
for AllSoil-Ka  model.
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Figure 21. Raw residual distribution for Coarse-Ka model.
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Figure 22. Residual distribution for Fine-Ka model.
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Figure 24. Comparison of various volumetric moisture content models.
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No40 Percent passing No. 200 sieve
No80 Percent passing No. 200 sieve
No200 Percent passing No. 200 sieve
PL Plastic limit
LL Liquid limit

For this large number of independent variables, many potential models could be
developed that are based on linear combinations of independent variables and an infinite number
of nonlinear combinations. Step-wise regression is a procedure to search quickly through a
number of these potential models to give a statistically most significant model. This procedure
employs a series of t-tests to check the significance of explanatory variables entered into, or
deleted from, the model. The forward step-wise procedure adds one variable at a time without
trying to delete variables. At each regression analysis step, a variable is added and the absolute
value of the variable’s t-ratio is computed. To enter the model, the t-ratio of the variable must
exceed a prespecified t-value (e.g., 2.0). The forward step-wise method was used to pick the
significant variables and the final functional form. The Software package Statistica@  was used
to perform the modeling [ 14 3.

Comparison of the R-squares and standard error estimates for the “gradation” based
models and those of the dielectric constant only models are provided in table 7.

Table 7. Comparison of the R2 and SEE of the gradation and Ka volumetric
moisture content models.

No. of Independent Standard Error of
Soil Type Model Type Variables R-Square, % Estimate (SEE), %

Ka only 1 91 2.3
Coarse-grained

Gradation 6 9 4 1.9

Fine-grained

All soil

Ka only 1 7 5 6.0

Gradation 8 9 2 3.5

Ka only 1 7 9 4.8

Gradation 9 8 6 4.0

As shown in table 7, the improvements in R2 for the coarse-grained material, fine-grained
material, and all types of soil were 3 percent, 7 percent, and 16 percent, respectively. Only the R2
of the fine-grain model with gradation parameters increased significantly. Note that each
additional independent variable introduced brings measurement error of that variable into the
model. Furthermore, the inference space of the model is reduced by the inference range brought
in by each additional variable. For these reasons, the gradation models for coarse-grained
material and all soils were not adopted for this study.
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The following is the volumetric moisture content model for fine-grained soil with
gradation parameters, developed using Klemunes’ data base:

Vw=aO+alKa+a2K~+a3Kd+a4G11~2+a5G1~2+a6No4+a7NolO
+a8No200+a9PL  +alOLL (10)

R2 = 9 2 %
Adjusted R* = 9 2 %
SEE = 3.45
N = 1 6 0

where: a0, al, . . . . a10 = Regression coefficients, as defined in table 8.
Ka = Bulk dielectric constant.

The description and values of the independent variables, as well as the inference ranges of
all the variables, are given in table 8. It should be noted again that this empirical model applies
only within the inference region of all the variables.

The R2 for the model was greatly improved by introducing gradation parameters, plastic
limit, and liquid limit (from 75 percent to 92 percent). Figure 25 shows the predicted versus
actual volumetric moisture contents used to develop the model. The raw residual distribution is
given in figure 26. As shown, compared with the fine-grain Ka model, the fine-grain gradation
model has less scatter distribution of the predicted versus actual volumetric moisture content
plot, and the raw residual distribution is closer to a normal distribution. This model was used for
computing the volumetric moisture content for the fine-grained soils where gradation and other
parameters were available and were within the inference region of the model.

Table 8. Coefficient estimates and standard errors for the fine-grained model with gradation
and other parameters (Fine-Gradation model).

Variables Description 1 Coef. ) Value 1 Std. Error IInference  Range
I I

Intercept a 0 1 1761.78 1 201.83 1
I I I I

K a Dielectric constant al 2.9145 0.2168 3-58.4

Ka* a 2 -0.07674 0.00921
Ka3 a 3 0.000722 0.000108

Gl l-2 Percent passing 1 ‘/-in sieve a 4 -19.6649 2.1168 99-100
Gl-2 Percent passing X-in sieve a 5 1 4.3667 1 0.5994 1 97-100I I I I
No4 Percent passing No. 4 sieve a 6 5.1516 0.463 8 go-100
N o 1 0 Percent passing No. 10 sieve a 7 2.7737 0.3 182 84-100
No200 Percent passing No. 200 sieve a 8 0.06057 0.02445 12.6-94.6
‘PL Plastic limit a 9 -0.2057 0.05371 o-45

LL Liquid limit a10 0.10231 0.03743 O-69
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Figure 25. Predicted versus observed volumetric moisture content for
fine-grained soil gradation model.
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Figure 26. Raw residual distribution of the Fine-Gradation model.



A complete list of the soil properties for the soil samples used in the model development
is given in appendix C. Frequency distributions of all the independent variables used in the
model are provided in figures 27 through 35.

VW Model  Selection Scheme

The following scheme was used for calculation of the volumetric moisture content.

1 . If Ka < 1.5 or Ka > 58.4, check the original TDR waveform and make sure the
results are reasonable. These outlier values should exist very rarely, if at all. If
these values exist, the data are flagged and reviewed.

2. For coarse-grained soils
If 1.5 < Ka < 24.8, then use the coarse-grained soil volumetric
moisture content empirical model with only Ka as the independent
variable (coarse-grain Ka model).
If Ka > 24.8, use the all-soil volumetric moisture content model
with only Ka as the independent variable (AllSoil-Ka model).

3. For fine-grained soils
For observations with 3 < Ka < 58.4 and gradation, plastic limit,
and liquid limit values within the inference ranges of those used in
the model development (fine-grain gradation model), use this
model to calculate the volumetric moisture content.
For sections with 3 < Ka < 58.4 and not satisfying the above
criteria, use the fine-grained soil volumetric moisture model using
only Ka as the independent variable (fine-grain Ka model).
For sections with Ka < 3, use the all-soil volumetric moisture
content model with only Ka as the independent variable (AllSoil-
Ka model). This should occur very rarely.

Figure 36 illustrates the model selection scheme. There are slight jumps among the
models. The jumps are considerably less than the error limits, and hence are considered
acceptable.

Computation of the Gravimetric Moisture Content

Once the volumetric moisture content is determined, the gravimetric moisture content can
be calculated using the following equation:

GVw = yy/yJ * VW% (11)

where: yW  = 9.81 KN/m3, unit weight of water.
Yd = Dry unit weight of the soil.
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Figure 27. Frequency distribution of the dielectric constant for coarse-grained soils
used in the model development.
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Figure 28. Frequency distribution of the dielectric constant for fine-grained soils
used in the model development.
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Figure 29. Frequency distribution of percent passing the 1 K-in sieve for the
fine-grained soils used in the model development.
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Figure 30. Frequency distribution of percent passing the %-in sieve for the
fine-grained soils used in the model development.
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Figure 3 1. Frequency distribution of percent passing the No. 4 sieve for the
fine-grained soils used in the model development.
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Figure 32. Frequency distribution of percent passing the No. 10 sieve for the
fine-grained soils used in the model development.
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Figure 33. Frequency distribution of percent passing the No. 200 sieve for the
fine-grained soils used in the model development.
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Figure 34. Frequency distribution of plastic limit for the
fine-grained soils used in the model development.
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Figure 35. Frequency distribution of liquid limit for the
fine-grained soils used in the model development.
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Figure 36. Flow chart for selecting appropriate model for computing
volumetric moisture content.
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Error Estimate of the Computed Volumetric Moisture Content

As presented previously, four models were developed to compute the volumetric moisture
contents: Coarse-Ka, Fine-Ka, AllSoil-Ka,  and Fine-Gradation. The first three models are third-
order polynomial models with only dielectric constant as an independent variable. The Fine-
Gradation model has gradation parameters as additional independent variables. The following
sections discuss the error estimate of the computed volumetric moisture content.

Third-Order Polynomial Ka Models

The third-order polynomial Ka models are given in the following general equation:

Vw=aO+al  *Ka+a2*Ka2+a3*Kd

where: a, a, a,, a, = Regression coefficients, as given in table 6.
K a = Bulk dielectric constant.

For prediction or estimate of Vw* for a given Ka* :

vw* =aO+al  *Ka*+a2  *Ka@+a3  *Ka” (13)

(12)

The prediction interval of Vw is then given as [ 151:

Vw * f (t-value) se&e& (14)

where: t-value =

se@red) =

t-value at a given confidence level, typically 95 percent, for
degrees of freedom of n-(k+l), where k is the number of the
independent variables.
Standard error of the prediction, as defined below.

For most degrees of freedom of the model and independent variables, the t-value for 95
percent confidence is approximately 2.0. Therefore, a t-value of 2.0 is used as the approximate
t-value of the prediction interval  at a 95 percent confidence level.

It can be shown that for a linear regression model [15]:

se&e@ = s(l  +x  * ‘(Xx)-‘x  *) % (19

where: x*’ = (1, x*,,  x*~,  . . . . x*,J
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1 xn - 1.1 X” - 1.2  . . . xn  - 1.

1 X”l XII2  . . . x,*
I

k

-

For third-order polynomial models using Ka as an independent variable, then

k = 3
x*~ = Ka*, x*,  = Ka**,  x*~ = Ka*3
Xii  = Kq, ith observation of Ka used in the model development
Xi* = Kq*
Xi3 = Kai3
n = Total number of observations used in the model development

Assuming that the errors from the regression model and the dielectric constant are
independent, the following equation then applies to the computation of the estimated error of the
computed volumetric moisture content [ 161:

AVw  = [Error from  regression modelp  + porn independent variable (z &a)/  (16)

Substituting the prediction error term and performing the partial derivative:

AVw =  [2 *  se@wI)p + (al + 2 *a2 *Ku  + 3 *a3 *Ka2  AKa) (17)

Table 9 provides an example of computed volumetric moisture contents and estimated
error limits for the dielectric constants within the inference range of all three empirical models
discussed above.

Fine-Gradation Model

The Fine-Gradation model takes the following functional form:

VW = a0 + alKa  + a2Kd  + a3 Kd  + a4G11-2  + a5GI-2  -k  a6 No4 + a7NolO
+ a8 No200 + a9 PL + a10 LL (18)
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Table 9. Computed volumetric moisture contents and estimated error limits

Ka
1.5

for empirical Ka models.
Coarse-Ka model Fine-Ka model AIlSoil-Ka  model

VW, % 1 Est. Error, % VW, % 1 Est. Error, % VW, % 1 Est. Error, %
n n I Cl I 3 7 I CIQ

I 2
I 2

i:; i:;

A. I

3.8 ii:;

; 3.3 5.9 4.8 4.7 1 0 . 5  8 . 2 12.2 12.1 6.0 8.0 9.7 9.7
5 8.3 4.7 12.8 12.1 10.1 9.7
6 10.5 4.7 14.9 12.0 12.0 9.6
c) 1-i c AV 11:  n 17 n 13.8 9.6
ii

1L.J I V . 7 1.5.”

14.3 E:; 18.8 12.0
9 16.0 4.7 20.6 12.0
1 0 17.6 4.7 22.3

1 15.6 1 9.6
I 171 I a/;

I 1

11 19.0 4.7 24.0 I&.”
1 2 20.3 4.7 25.5 12.0
1 3 21.5 4.7 13 n

14 1 22.7 I 4.7
1 5 A 7

1 7 I 4. I
1 8 26.7 4
1 9 27.6
20 28.6
21 I 429.5
cIe-3 30.5 I

I-- 4.7

LL I .
-1

t LJ  24 1 1 3 1 . 5  3 2 . 6 I 5.1 I 2 7 7

I 32.9  I
1 33.8 1
I 34.7 I
1 35.6 1
1 36.3 1

17 n

I--~ 25 1 33.8 1

30 40.5 12.1
32 41.1 12.1
34 41.6 12.2

I
- . I I I
36 I 1 42.0 1 12.2--
38 42.3 1
40 42.5 I



where: a0,  al,  . . . . a10 = Regression coefficients, as defined in table 7.
Ka = Bulk dielectric constant.

Following the same logic as in the third-order polynomial models, the following equation
applies for the estimate of the associated error of the volumetric moisture content:

AVw = 4Error  ji-om regression modelr  + [Error jkom  independent variables? (19)

that is,

AVw = 2 * se(pred)  + avw- Ma + $& + ?!k AGJ, + ?!k Mr,4
aKa 2 aGI, aN04

avi4
+m

AN010  +  avw A N 0 2 0 0
dNo200

(20)

The measurement errors for the gradation parameters are omitted for several reasons.
First, the precision and bias are not defined for the percent passing each sieve in the ASTM
standard D 422 [ 191. Second, many of the gradation values used for SMP subgrade  soil are the
average of two or even three measurements. Substituting aKa = 0.5 La, as shown previously in
chapter 2, and performing partial derivatives:

* se(pred)r + al + 2*a2*Ka  + 3*a3*Ka2 AKa (21)

where:

and

se(pred) = s(I +x * ‘fl’~-k  *) %

x*’ = (1, x*,,  x*2,  . . . . x*3

1 XII Xl2 . . . Xlk

1 x21 x22 . . . x2k

. . . . . . .

. . . . . . .

. . . . . . .

1 %-I.1 xn-I.2 . . . xn-1.k

1 x.1  x.2 . . . xnk

For the fine-grain gradation model:

k = 10
=

f:’ =
Ka*

x*;  =
Ka**
Ka*3
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x*3
x*4
x*5
x*6
x*7
x**
x*9
x*10
xil

xi2

xi3

xi4

xi5

Xi6

xi7

xi8

xi9

xilO

n

Ka*3
Gil  2*
Gl z*
NOi*
Nolo”
No200*
PL*
LL*
Ka,, ith observation of Ka used in the model development
Kq2
Kai3
Gl l-21
Gl2,
No4i
NOlO,
NO2OOi
PLi
LLi
Total number of observations used in the model development

It was considered impractical to vary all eight independent variables within their
inference ranges and provide a comprehensive list of estimated errors for all the possible values
of predicted volumetric moisture contents. Therefore, only the sensitivity analysis of the error
estimates as a function of the key variable, dielectric constant over its whole inference range, is
provided. The estimated error limits are provided in tables 10, 11, and 12, in which the gradation
parameters and plastic and liquid limits were set to their minimum values, their mean values, and
their maximum values, for which the fine-grain model was developed, respectively. It is seen
that the error estimates are not significantly affected by the ranges in values used for the
gradation parameters and the plastic and liquid limits.

Error Estimate for Computed Gravimetric Moisture Content

As shown before, gravimetric moisture content, Gw, is determined by the following
equation:

Gw = 5 VW
yd

where: yW  =
Yd =

9.81 N/cm3, unit weight of water.
Dry unit weight of the soil, = 9.81 pd.
where pd is the dry density of the soil, g/cm’.

Substituting the above values into the equation, we have

Gw=&,
pd

(22)

(23)
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Table 10. Computed volumetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their minimum model values.

I8 1 99 1 97 1 90 1 84

1 10 1 99 1 97 1 90 1 84 -~-l-12.6

, I I I 12.6 0 0 27.4 7.1

9 1 99 1 97 1 90 1 84 12,6 0 0 29.2 7.1
0 0 30.8 7.1

11 99 97 90 84 12.6 0 0 32.4 7.1
12 99 97 90 84 12.6 0 0 I 33.8---- 7.1
13 99 97 90 84 12.6 0 0 I 35.1 -I,

1.1

14 99 97 90 84 12.6 0 0 36.4 7.1
15 99 97 90 84 12.6 0 0 37.5 7.1
16 99 97 90 84 12.6 0 0 38.6 7.1

9;
I _-.- I -

1 7 99 90 84 1 12.6 I 0

18 99 97 90 84
1 9 99 97 90 84

A

20 99 97 90 84

0 39.6 7.1
12.6 0 0 40.4 7.1
12.6 0 0 41.3 7.1

12.6 0 0 42.0 7.1
0 0 42.7 7.1

I 0 43.3 7.1
I 0 0 43.9 7.1

21. 99 97 90 84 12.6 I
22 99 97 90 84 12.6 I 0

23 99 97 90 84 12.6 I I I
24 99 97 90 84 12.6 I 0 I 0 I 44.4 I

1

-- --

I

-

32 1 99 1 97 I 1 90 I 1 84 12.6 I I 0

42 99 97 90 84 12.6 0 0 49.2 7.3
44 99 97 90 84 12.6 0 0 49.8 7.4
46 99 97 90 84 12.6 0 0 50.6 7.4
48 99 97 90 84 12.6 0 0 51.6 7.4
50 99 97 90 84 12.6 0 0 52.8 7.4

1 52 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 1 54.2 1 7.4

1 54 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 I 55.9 I 7.5 I
L

56 99 97 90 84 12.6 0 0 58.0 7.7

58 99 97 90 84 12.6 0 0 60.4 8.0

59 99 97 90 84 12.6 0 0 61.7 8.2
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Table 11. Computed volumetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their average model values.

Ka Gil-2  Gl-2 NO4 N O 1 0  1 N02(110 1 PL 1 LL 1 VW% 1 Es..-----,:t. Error. ?4 1__
3 99.84 99.25 96.78 94..98 1 65.85 1 16.71 1 32.56 1 8.7 1I 7 .1

4 99.84 99.25 96.78 94.98 1 65.85 1 16.71 1 32.56 1 11.1 1 7.0 1
5 99.84 99.25 96.78 94.98 I 65.8! i 1 16.71 1 32.56 1 13.3 1 7.0 1
6 99.84 99.25 96.78 94.98 65.85 1 16.71 1 32.56 1 15.5 1 7.0
7 99.84 99.25 96.78 94.98 65.85 1 16.71 1 32.56 1 17.S 1 7 0

8 99.84 99.25 96.78 94.98 65.8: 5 16.71 32.56
9 99.84 99.25 96.78 94.98 65.85 16.71 32.56 2111
10 99.84 99.25 96.78 94.98 65.85 16.71 32.56 22.8

3.84 99.25 96.78 94.98 65.85 16.71 32.56 24.3

19.4 7.0
7.0
7.0
7.0.-

99.25 96.78 94.98 65.85 16.71 32.56 25.8 7.0
96.78 94.98 65.85 16.71 32.56 27.1 7.0
96.78 94.98 65.85 16.71 32.56 28.3 7.0
96.78 94.98 65.85 16.71 32.56 29.5 7.0

1 16 1 99.84 99.25 96.78 94.98 65.85 16.71 32.56 30.5 7.0
17 99.84 99.25 96.78 94.98 65.85 16.71 32.56 31.5 7.0
18 99.84 99.25 96.78 94.98 65.85 16.71 32.56 32.4 7.0
19 99.84 99.25 96.78 94.98 65.85 16.71 32.56 33.2 7.0
20 99.84 99.25 96.78 94.98 65.85 16.71 32.56 34.0 7.0

21
22w23
24

.-
65.85 16.71 32.56 34.6 7.0
65.85 16.71 32.56 35.3 7.0

99.84 1 99.25 1 96.78 1 94.98
99.84 1 99.25 1 96.78 1 94.98
99.84 99.25 96.78 94.98
99.84 99.25 96.78 94.98

I.84 99.25 96.78 94.98

65.85 16.71 32.56 35.8 7.0
65.85 16.71 32.56 36.3 7.0
65.85 16.71 32.56 36.8 7.025 9s

26 99.84 1 99.25 ) 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 37.2 1 7.0
27 99.84 1 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 37.5 1 7.0
28 99.84 99.25 96.78 94.98 65.85 16.71 32.56 37.9 7.0
29 99.84 99.25 96.78 94.98 65.85 16.71 32.56 38.2 7.0
30 99.84 99.25 96.78 94.98 65.85 16.71 32.56 38.5 7.0
32 99.84 99.25 96.78 94.98 65.85 16.71 32.56 38.9 7.1

1 34 1 99.84 1 99.25 1 96.78 1 94.98 t 65.85
36
38
40

99.84
99.84
99.84

4 16.71 32.56
99.25 96.78 94.98 65.85 16.71 32.56 39.;
99.25 96.78 94.98 65.85 16.71 32.56 40.1
99.25 96.78 94.98 65.85 16.71 32.56 40.6
99.25 96.78 94.98 65.85 16.71 32.56 41.1

.-
39.3 7.1

1 7 .1r7 .1
7.2
7.2r32.56 41.8 7.2 I16.71

1 16.71 32.56 42.6 7.2
1 16.71 32.56 43.5 7.2
1 16.71 1 32.56 1 44.7
1 16.71 1 32.56 1 46.2 i-+-I1

-----
52 1 99.84 1 99.25 1 I 96.78 1 I 94.98 I 1 65.85

I ~~ I I .-

54 1 99.84 1 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 47.9 1 7.4 1
56 99.84 99.25 96.78 94.98 65.85 16.71 32.56 49.9 7.5
58 99.84 99.25 96.78 94.98 65.85 16.71 32.56 52.3 7.9
59 99.84 99.25 96.78 94.98 65.85 16.71 32.56 53.7 8.1
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Table 12. Computed volumetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their maximum model values.

Ka Cl12  Gl-2 NO4 NO10 NO200 PL LL VW% Est. Error, %
3 100 100 100 100 94.6 45 69 5.8 7.3
4 100 100 1 0 0 100 94.6 45 69 8.2 7.2
5 100 100 100 100 94.6 45 69 10.4 7.2

1 2 100 100 100 100 94.6 45 69 22.9 7.2
13 100 100 100 100 94.6 45 69 24.2 7.2
1 4 100 100 100 100 94.6 45 69 25.4 7.2
1 5 100 100 100 100 94.6 45 69 26.6 7.2

-00 1 100 1 100 1 94.6 I 45 I 69 I 27.6 1 7.216 1 IOC
17 I 1oc
1 8

1 100 100 100 94.6 45 69 28.6 7.2
IO0 100 100 100 94.6 45 69 29.5 7.2

100 100 94.6 45 69 30.3 7.2
I

19 100 100
20 100 100 100 100 94.6 45 69 31.1 7.2

69 1 34.3 1
45 1 69 1 34.7 1 7.3

94.6 1 45 1 69 1 35.0 1 7.3
00 1 100 1 100 94.6 1 45 1 69 1 35.3 1 7.3
00 1 100 t 100 1 94.6 1 45 1 69 1 35.6 1 7.3

100 1 100 1 94.6 I 45 I 69 I 36.0 I 7.3
100 100 100 94.6 45 69 36.5 7.4

100 100 100 100 94.6 45 69 36.9 7.4
38 100 100 100 100 94.6 45 69 37.3 7.4

00 1 100 1 100 94.6 1 45 69, 1 41.8 1 7.5
1 100 I 100 I 100 I 100 I 94.6 1 45 1 69 1 43.3 1 7.5J.5

54 100 100 100 100 94.6 45 69 45.0 7.6
56 100 100 100 100 94.6 45 69 47.1 7.8
58 100 100 100 100 94.6 45 69 49.5 8.1
59 100 100 100 100 94.6 45 69 50.8 8.3
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The error in Gw, dGw, is given as follows:

that is,

AGw  =j[-Jpw)2  +(-$A~~)~

where: AVW  = Error estimate of the computed volumetric moisture content.
Apd  = Error estimate of the assigned dry density value.

(24)

(25)

Only one dry density measurement is available at each SMP section for the subgrade  soils
at the SMP sites. Many factors can affect the accuracy of the assigned in-situ dry density at each
TDR sensor depth. These factors include material variability with depth, laboratory
measurement error of the dry densities, and dry density changes with temperature and moisture.
Lack of information makes it impossible to identify the precision and bias of the in-situ dry
density at each TDR depth. In this report, 10 percent of the assumed dry density was assigned as
the error estimate of the in-situ dry density values.

For illustration purposes, a dry density of 1.90 g/cm3  is used as an example to compute
the error estimate of the computed gravimetric moisture content. This value is the global average
of all the dry densities assigned to the TDR sensors at all SMP sections. Using 10 percent of the
selected dry density value as the estimated error, then

or

AGw =im (27)

Table 13 lists the computed values and estimated error limits for the computed
gravimetric moisture contents for the Ra only models. Again for the Fine-Gradation model, it
was considered impractical to vary all eight independent variables within their inference ranges
and provide a comprehensive list of estimated errors for all the possible values of the estimated
gravimetric moisture contents. Therefore, only the sensitivity analysis of the error estimates as a
function of the key variable, dielectric constant over its whole inference range, is provided. The
estimated error limits are provided in tables 14, 15, and 16, in which the gradation parameters
and plastic and liquid limits were set to their minimum values, their mean values, and their
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Table 13. Computed gravimetric moisture’contents and estimated error limits

1.4 5.1
I

2.6 I I 2.0 I 5.1

1 2.5 1 5.5 6.4 1 4.2 5.1

5 5.5 I 2.5 1 7.8 6.4 1 6.3 5.1

--._ _. I ---

I 11.8 I 6.4 I 10.0 I 5.2 I1 0 9.3 2.6 _ _._ _. ----, I I
11 10.0 2.7 12.6 1 6.4 ) 10.8 1 5.2
1 2 10.7 2.7 13.4 1 11.6 1 5.2I I

13 11.3 2.7 14.2 1 6.5 1 12.3 1 5.2 1
1 4 11.9 2.7 I 14.9 I I 13.0 I 5.2I I
1 5 12.5 2.8 1 15.6 1 6.5 1 13.7 1 5.3
1 6 13.0.- I

2.8 1 16.2 1 6.5 1 14.3 1 5.3
1 7 13..6 2.8 I 16.8 I 6.5 I 14.9 I 5.3
1 8

30 1 21.3 6.7 1 20.4 5.5
5.5I 32 1 21.6 1 6.7 1 20.7 1

I 34 26 I 1 I 2 1 . 9  2 2 . 1 1 I 6.8 6.8 1 I 2 0 . 9  2 1 . 2 1 I 5.6 5.6

t

IV
I I I ----  I I I

38 1 22.3 6.8 1 21.4 1 5.6
22.4 1 6.9 1 21.6 1 5.640 I

42 1 22.5 1 6.9 1 21.8 1 5.6
1 22.6 1 1 21.9 1

I
44 J 6.9 5.6
46 22.7 6.9 I

I
22.1 I 5.6 I

48 22.8 6.9 1 LL.L 1 2.” J
50 23.0 6.9 T 22.4 1 5.7
52 23.2 6.9 1 22.5 1 5.7
54 1 23.4 1 7.0 1 22.6 1 5.7
56 23.7 7.1 22.7 1 5.7
58 24.1 7.3 22.8 1 5.7
59 24.3 7.5 1 22.9 1 5.7 I
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Table 14. Computed gravimetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their minimum model values.

Ka 1 Gil-2 1 Gl-2 1 NO4 1 NO10 1 NO200 I PL I LL I VW% I Est. Error, %
? I 99 I 97 I 9n I 84 I 12.6 I n n I 8X I 7 9

I 10 I 99 I 97 I 90 I 84 I 12.6 I 0 I 0 1 16.2 1 4.1 I1

11 99 97 90 1 84 12.6 0 0 17.0 4.1
1 2 99 97 90 1 84 12.6 0 0 17.8 4.1

1 13 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 1 18.5 i 4.2 1
1 14 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 I 19.1 I 4.2

2 1 99 97 90 84 12.6 0 0 22.5 4.4
22 99 97 90 84 12.6 0 0 22.8 4.4
23 99 97 90 84 12.6 0 0 23.1 4.4

1 24 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 1 23.3 1
1 25 1 99 1 97 1 90 1 84 1 12.6 1 0 1 0 1 23.6 1 4.4 1
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Table 15. Computed gravimetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their average model values.

I

9 99.84 99.25 96.78 94.98 65.85 16.71 32.56 11.1 3.8
1 0 99.84 99.25 96.78 94.98 65.85 16.71 32.56 12.0 3.8
11 99.84 99.25 96.78 94.98 65.85 16.71 32.56 12.8 3.9
1 2 99.84 99.25 96.71 B 1 94.98 1 65.85 16.71 32.56 13.6 3.9

5 16 .71 32.56 14.3 3.9

2 1 1 99.84 1 99.25 1 96.78 1 94.98 65.85 1 16.71 1 32.56 18.2

26 99.84 99.25
27 99.84 99.25 1 96.7I
28 99.84 99.25
29 99.84 99.25 96.78 94.98 65.85 16.71 32.56 20.1 4.2
30 99.84 99.25 96.78 94.98 65.85 16.71 32.56 20.2 4.2
32 99.84 99.25 96.78 94.98 65.85 16.71 32.56 20.5 4.2
34 99.84 99.25 96.78 94.98 65.85 16.71 32.56 20.7 4.3

1 36 1 99.84 1 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 20.9 1 4.3 1
1 38 1 99.84 1 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 21.1 1 4.3 1

40 99.84 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 21.4 4.3
42 99.84 99.25 1 96.78 1 94.98 1 65.85 1 16.71 32.56 21.6 4.4
44 99.84 99.25 96.78 94.98 65.85 16*71 I *n  l/ I mm n I * 1 I

46 99.84 99.25 96.78 94.98 65.85 16.71 1 32.56 1 22.4 1 4.4
48 99.84 99.25 96.78 94.98 65.85 16.71 1 32.56 1 22.9 1 4.4
50 9Y.04 YY.LJ YO.Ib Y4.YO WJ.dJ 1 IO.11 1

JL.JO
1

LJ.3
1

4 .J
I

52 99.84 99.25 96.78 94.98 65.85 1 ~16.71 1 32.56 1 24.3 1
1 54 1 99.84 1 99.25 1 96.78 1 94.98 1 65.85 1 16.71 1 32.56 1 25.2 1 4.6 1

56 99.84 99.25 96.78 94.98 65.85 16.71 32.56 26.3 4.8

58 99.84 99.25 96.78 94.98 65.85 16.71 32.56 27.6 5.0
59 99.84 99.25 96.78 94.98 65.85 16.71 32.56 28.3 5.1
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Table 16. Computed gravimetric moisture contents and estimated error limits for Fine-
Gradation model with gradation parameters set at their maximum model values.

1 Ka 1 Gil 2 1 Gl 2 1 NO4 I N010, 1 NO200 1 PL
lOi

1 LL
1 100 i

,
3 1

I
100 1 100 94.6 1 45 69 I -ii- I

I VW% 1 Est. Error, %

1 2 I 100 I 100 I 100 I 100 94.6 I 45 69
I 13 I 100 I 100 I 100 I I

1 12.0 4.0
1 12.7 4.0

.4 4.0
00 94.6 45 69

1 4 100 100 100 100 94.6 45 69 13 .-
1 5 100 100 100 100 94.6 45 69 14.0 4.0
1 6 100 100 100 100 94.6 45 69 14.6 4.1
1 7 100 100 100 100 94.6 45 69 15.1 4.1
1 8 100 100 100 100 94.6 45 69 15.5 4.1
1 9 100 100 100 100 94.6 45 69 16.0 4.1
20 100 100 1oaI 100 94.6 45 69 16.4 4.1

2 1 100 100 100 100 94.6 45 69 16.7 4.2
22 100 100 100 100 94.6 45 69 17.0 4.2
23 100 100 100 100 94.6 45 69 17.3 4.2
24 100 100 100 100 94.6 45 69 17.6 4.2

100 1 100 i 100 I 100 I 94.6 I 45 I 69 I 17.8 i 4 .2

1

I

1
1

100 1 100 1 100 1 94.6 1 45 1 69 1 18.1 1 4.2 4-I
1 100 100 100 94.6 45 69 18.2 4.2
I 100 100 100 94.6 45 69 18.4 4.3

100 100 100 94.6 45 69 18.6 4.3

40 1 100 1 100 1 100 1 100 94.6 1 45 1 69 1 19.8 1 4.4
I 20.1 I 4.442 1 100 1 100 1 100 1 100 1 94.6 1 45 1 69 , ,

44 1 100 I 100 I 100 I 100 I 94.6 1 45 1 69 1 20.5 1 4 .r--l
100 1 100 1 100 1 100 1 94.6 1 45 1 69 1 20.9 1 4.5

1 100 I 100 I 100 I 100 I 94.6 1 45 1 69 1 21.4 1 4.5
50 100 100 100 100 94.6 45 69 22.0 4.5
52 100 100 100 100 94.6 45 69 22.8 4.6
54 100 100 100 100 94.6 45 69 23.7 4.7

1 56 1 100 I 100 I 100 I 100 I 94.6 I 45 I 69 1 24 .8  1 4.8 I
58 1 100 1 100 1 100 1 100 1 94.6 1 45 69 26.0 5.0
59 1 100 1 100 1 100 1 100 1 94.6 1 45 69 26.7 5.1
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maximum values, for which the model was developed, respectively. It is seen that the error
estimates are not significantly affected by the ranges in values used for the gradation parameters
and the plastic and liquid limits. Figures 37 through 40 show the computed and estimated error
limits of the computed gravimetric moisture content for each of the four models.

Diagnostic Study of the Computed Gravimetric Moisture Content

Using the procedures discussed in this report, volumetric and gravimetric moisture
contents were calculated for the valid TDR traces. To test the reasonableness of the computed
moisture content, several types of diagnostic graphs were generated. Figures 41 through 44
provide the frequency distribution of both the computed volumetric and gravimetric moisture
contents for coarse-grained and fine-grained soil. As shown in these figures, moisture contents
of the coarse-grained soils are generally smaller than those of the fine-grained soils. This is
expected, since fine soils can generally be expected to retain more moisture.

Seasonal variation graphs of the volumetric and gravimetric moisture contents for each
SMP section were generated and are presented in appendix D. In addition, daily rainfall values
were also generated and are given in appendix B for comparison purposes.

Figure 45 shows an example time history plot for LTPP section 831801 in Manitoba. It
should be noted that the TDR method can only be used to estimate the liquid moisture content.
As shown, the soil moisture content at section 83 180 1 does vary significantly throughout the
year. During the winter, the volumetric moisture content dropped to a very low level, which may
indicate a frozen soil condition since this section is in a deep freeze zone. Furthermore, the soil
volumetric moisture contents also vary considerably by depth. This may be because of many
factors, such as precipitation, soil permeability, and groundwater level. Figure 46 shows another
example of time history plot for LTPP section 040114 in Arizona. It is clear that the seasonal
variation of the computed moisture content of this section is much less than that of the Manitoba
section. Moreover, there is no sharp drop in moisture content during the winter for this section
since it is in a nonfi-eeze zone.
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Figure 37. Computed gravimetric moisture contents and estimated error limits
for the Coarse-Ka model.
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Figure 38. Computed gravimetric moisture contents and estimated error limits
for the Fine-Ka model.
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Figure 39. Computed gravimetric moisture contents and estimated error limits
for the AllSoil-Ka  model.
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Figure 40. Computed gravimetric moisture contents and estimated error limits
for the Fine-Gradation model.
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Figure 43. Frequency distribution of the computed gravimetric moisture contents
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Figure 45. Example of seasonal variation in gravimetric moisture content for
section 83 1801 in Manitoba.
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Figure 46. Example of seasonal variation in gravimetric moisture content for
section 040 113 in Arizona.
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4. IDENTIFICATION OF THE NEEDED MATERIAL PROPERTIES

To compute the volumetric moisture content using various models and to compute the
gravimetric moisture content, the following soil properties are needed for each SMP section at
each TDR sensor location:

a Dry density of the unbound material.
0 Soil type.
0 Gradation parameters for fine-grained soils at the TDR sensor location.
0 Plastic limit and liquid limit.

This section describes the procedures used to identify the above soil properties for the
SMP base and subgrade  materials. A complete list of the needed soil properties is given in
appendix C.

Dry Density

To compute the gravimetric moisture content, the in-situ dry density needs to be known
for all the SMP sites at each TDR depth. However, such dry density information with depth is
not available in the LTPP IMS. As such, only a single value of dry density was used for base and
subgrade  for each test section.

The SMP installation report and several LTPP IMS database tables were reviewed to
identify soil dry density data. The following are the sources that were used to determine the dry
densities at each TDR probe location:

0 SMP Installation Report (priority 1).
0 SMP-DRY-DENSITY  (file extension .SO4)  (priority 2).
a TST-ISD-MOIST  (tile extension .T20) (priority 3).
0 TST-UGOS-SSO5  (file extension .T16) (priority 4).
0 INV-SUBGRADE (file extension .123)  (priority 5).

Where more than one dry density measurement was available, the dry density value of the
higher priority source was used. At least one dry density value was available for the subgrade  at
each SMP site. For most sites, a value was found for the aggregate base, subbase, or treated
subgrade  soil. The following scheme was used to determine the needed dry density values.

0 Use was made of the available subgrade  dry density values for all the subgrade
TDR probe depths.

0 For the sections for which the dry densities for the aggregate base or subbase were
not available, use was made of the global average dry density for the aggregate
base or subbase.

0 For the sections for which the dry densities for the lime-treated subgrade  were not
available, the average subgrade  dry density of the section was used.

6 3



It should be noted that the above extrapolation scheme does not consider the vertical
variation of the dry densities. The sources of the dry density values are listed in table 17.
Frequency distributions of the dry density for base and subgrade  are given in figures 47 and 48,
respectively.

Soil Classification

In the proposed volumetric moisture content models, soil classifications of “coarse-
grained”  and “fine-grained” are used. In the ASTM Standard D3282 [17], coarse-grained
subgrade  soil (granular material) is defined as soil with 35 percent or less passing the No. 200
sieve, and fine-grained subgrade  soil (silt-clay material) is defined as soil with 36 percent or
more passing the No. 200 sieve. Therefore, coarse-grained soils correspond to American
Association of State Highway and Transportation Officials (AASHTO) soil classes A-l, A-2, A-
3, and all subgroups. Fine-grained soils include A-4, A-5, A-6, A-7, and all subgroups. Note
that the Unified Soil Classification System [ 181  uses 50 percent passing the No. 200 sieve as the
threshold value for the classification of coarse-grained and fine-grained soil.

LTPP IMS table TST-LOSB  and SMP installation reports were used to determine if the
subgrade  soil at an SMP site was fine or coarse.

Gradation Parameters

LTPP IMS table TST-SSOl-UG02 was used to search for the gradation parameters for
the sections with fine-grained soil subgrade. Not all of the SMP sections currently have the
gradation values available in the LTPP database. Frequency distributions of the gradation
parameters that are needed in the fine-grained soil volumetric moisture content model are given
in figures 49 through 53.

Plastic Limit and Liquid Limit

Plastic limit and liquid limit of the sections with fine-grained subgrade  were obtained
from LTPP IMS table TST-UGOQSSO3. The test method of these parameters are defined in
ASTM standard D422 [19]. Again, not all of the SMP sections currently have the needed plastic
limit and liquid limit data in the LTPP database. Frequency distributions of the plastic limit and
liquid limit of the fine-grained subgrade  SMP sites are given in figures 54 and 55.
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Table 17. Sources of the dry density values.

1

2

Source

SMP installation report

SMP installation report - 107 form

3 1 SMP installation report - SO4 form

I 4 I SMP installation report - 105 form I
5 IMS table SMP-DRY-DENSITY

I IMS table TST ISD MOIST- -
1 Calculated, 95% lab max dry density from IMS table
1 TST UG05 SS05- -
I IMS table INV SUBGRADE

I 9 I Base drv dens&v  from the same section I
1 0

1 1

Subgrade dry density value from the same section

Global average of all available aggregate base dry densities
from all the SMP sites

65



2 5 ,

1.2-1.4 1.4-1.6 1.6-1.8 1.8-2.0 2.0-2.2

Dry Density of Base course, g/cm3

2.2-2.4

Figure 47. Frequency distribution of base course dry density for the SMP sites.
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Figure 48. Frequency distribution of subgrade dry density for the SMP sites.
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Figure 5 1. Frequency distribution of percent passing the No. 4 sieve for SMP
sites, fine-grained soils.
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Figure 52. Frequency distribution of percent passing the No. 10 sieve for SMP
sites, fine-grained soils.
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Figure 53. Frequency distribution of percent passing the No. 200 sieve for SMP
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5. ROUTINE DATA PROCESSING OF TDR DATA

An objective of this study was to develop routine procedures to process future TDR data.
As a result, the following step-by-step procedures were developed for the routine interpretation
of TDR measurements and computation of the moisture contents:

1 . Obtain raw TDR trace data from IMS database.
2. Pre-process the raw TDR trace data.
3. Conduct TDR trace interpretation. ,
4 . Quality check the interpretation results.
5. Compute dielectric constants.
6 . Compute volumetric moisture contents.
7. Compute gravimetric moisture contents.
8. Upload the computed parameters into IMS database.

Each of the above steps is discussed briefly in this chapter.

Obtain Raw TDR Trace Data from IMS Database

Raw TDR trace data can be obtained from table SMP-TDR-AUTO  in the IMS database.
This table needs to be imported into Access@ database format for processing. The structure or
the schema of the table remains the same as in the IMS database.

Pre-Process the Raw TDR Trace Data

Interpreting the TDR data and updating the corresponding computed parameter tables will
be a continuous effort. Part of the raw TDR table may have been processed at the time of
previous data processing. Therefore, pre-processing of the raw TDR traces is necessary to
exclude the traces that were previously processed. This can be done by comparing the current
TDR trace data with the IMS table SMP-TDR-MOISTURE-AUTO. The trace records that have
common key fields should be excluded from  the processing of the new TDR data.

Conduct TDR Trace Interpretation

A Window&-based program, Moister, was developed under this project to view and
process all the TDR traces stored in an Access@ database table. The program opens a designated
table with a name starting with SMP-TDR-AUTO-*, processes the TDR traces, and records the
inflection points and the corresponding trace pattern in the same table. The format of this table is
very similar to that of IMS table SMP-TDR-AUTO, except that the first 242 trace points are
kept instead of 245. Further, four more fields are added in the table to describe the interpretation
results. The elimination of three trace points is necessary to accommodate the addition of the
above-mentioned fields because Access@ database tables are limited to 255 fields.

The following steps are needed to conduct the TDR trace interpretation:
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1 .

2.

Eliminate the following three fields from the IMS table SMP-TDR-AUTO:
WAVP243, WAVP244, and WAVP-245.  Rename the table
SMP-TDR-AUTO-*  if necessary.
Run Moister using the table created in step 1 above.

Quality Check of the Interpretation Results

Because of the noise in the collected TDR traces, it is not practical to process them all
automatically with 100 percent reliability using Moister. Therefore, it is necessary to have
qualified personnel perform a quality check of the interpretation results. Moister can be used
interactively to view the interpretation results to make sure that the results are correct or to adjust
the inflection points if necessary. On average, a qualified person can review 1000 to 2000 TDR
traces per hour, depending on the actual number of traces that need to be corrected.

Compute Soil Dielectric Constants

After the inflection points are identified, several spreadsheet manipulations and
computations are needed to calculate the moisture contents. The following equations are used to
compute the apparent length and the dielectric constant:

La = (InJB  - Inf  A) (28)

Ka = La
t 1

2

CL * VP>
(29)

where: InJ: B = Inflection point B, m.
If: A = Inflection point A, m.
La = Apparent length of the TDR trace, m.
Ku = Dielectric constant of the soil mix.
L = Actual length of the TDR probe, typically 0.203 m.
vp = Propagation velocity of the TDR wave, typically 0.99.

Compute Volumetric Moisture Contents

Four models were developed for the computation of the volumetric moisture content.
The first three models take the following third-order polynomial form:

VW%  = a, + a,Ka  + a2  Kd +a, Ku3 (30)

where: a, a,, a,, a3 = Regression coefficients,  as given in table 18.
Ku = Bulk dielectric constant.
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Table 18. Volumetric moisture model parameter estimates

Model Name a0

Coarse-Ka model -5.7875

Fine-Ka model 0.4756

AllSoil-Ka  model -0.8120

a l a2 a3

3.41763 -.13117 0.00231

2.75634 -0.061667 0.000476

2.38682 -0.04427 0.000292

The fourth model takes the following form:

VW = a0 + alKa  + a2Ka2  + a3 Ka3  f  a4 ONE-AND-HALF-PASSING + a5
ONE-HALF-PASSING + a6 NO 4 PASSING f  a7 NO-IO-PASSING +- - (31)

a8 NO-200~PASSING  f  a9 PLASTIC-LIMIT f  al 0 LIQUID_LIMIT

where: a0,  al, . . . . alO=
Ka =

Regression coefficients, as defined in table 19.
Bulk dielectric constant.

Table 19. Variables and coefficient estimates for the Fine-Gradation model.

Variables

Intercept

Ka

Ka’

Ka3

ONE-AND-HALF-PASSING

ONE-HALF-PASSING

NO-4-PASSING

NO-1 O-PASSING

NO-200-PASSING

PLASTIC-LIMIT

LIQUID-LIMIT

Coef. Value Std. Error

a0 1761.78 201.83

a l 2.9145 0.2168

a2 -0.07674 0.00921

a3 0.000722 0.000108

a4 -19.6649 2.1168

a5 4.3667 0.5994

a6 5.1516 0.4638

a7 2.7737 0.3182

a8 0.06057 0.02445

a9 -0.2057 0.05371

a10 0.10231 0.03743

Inference Range

3-58.4

99-100

97-100

go-100

84-100

12.6-94.6

o-45

O-69

The following scheme is used for calculation of the volumetric moisture content:

1 . If Ka < 1.5 or Ka > 58.4, check the original TDR waveform and make sure the
results are reasonable. These values should exist very rarely, if at all. If these
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values exist, flag the data. Ka < 1.5 would indicate a very dry soil and Ka > 58.4
would indicate a very wet soil.

2 . For coarse-grained soils
0 If 1.5 < Ka < 24.8, use the coarse-grained soil volumetric moisture

content empirical model with only Ka as the independent variable
(Coarse-Ka model).

0 If Ka > 24.8, use the all-soil volumetric moisture content model
with only Ka as the independent variable (AllSoil-Ka model).

3 . For fine-grained soils
0 For sections with 3 < Ka < 58.4 and gradation, plastic limit, and

liquid limit values within the inference ranges of those used in the
model development (Fine-Gradation model), use this model to
calculate the volumetric moisture content.

4B For sections with 3 < Ka < 58.4 and not satisfying the above
criteria, use the fine-grained soil volumetric moisture model using
only Ka as the independent variable (Fine-Ka model).

0 For sections with Ka < 3, use the all-soil volumetric moisture
content model with only Ka as the independent variable (AllSoil-
Ka model). This should occur very rarely.

A flow chart of the model selection scheme is shown in figure 36.

Compute Gravimetric Moisture Contents

Gravimetric moisture content can be calculated using the following equation:

GVw  = y,,/yd  * VW% (32)

where: y, = 9.81 N/cm3, unit weight of water.
Yd = Dry unit weight of the soil, N/cm3.
VW% = Volumetric moisture content, %.

7 4



6. SUMMARY AND RECOMMENDATIONS

This chapter summarizes the research effort and findings of this study. Products from this
research that can be implemented are also discussed. Recommendations for future research in
the determination of moisture contents using TDR measurements are also provided.

The overall objective of this study was to develop procedures to estimate the in-situ
gravimetric moisture content and associated errors and to process the available TDR traces in the
IMS database. This project accomplished the following:

0

0

0

l

l

0

0

0

l

0

Selected the methods for interpreting TDR traces, namely, Method of Tangents
and Method of Peaks.
Developed an algorithm to implement the selected TDR interpretation methods.
Developed a user-friendly interactive computer program, Moister, to interpret the
TDR traces.
Conducted a precision and bias study for the computed apparent length from the
interpretation of the TDR traces.
Developed empirical models to estimate in-situ volumetric moisture content using
the TDR measurements, namely Coarse-Ka model, Fine-Ka model, AllSoil-Ka
model, and Fine-Gradation model.
Identified and estimated necessary material properties for all the computations.
Performed error estimates of the computed dielectric constant, volumetric
moisture content, and gravimetric moisture content.
Developed guidelines for creating and uploading the TDR trace interpretation
results and corresponding moisture contents.
Developed step-by-step procedures for routine interpretation of the TDR traces.
Interpreted 19,663 TDR traces that are available in the IMS database.

Products for Implementation

Based on the accomplishments of this study, the following is a list of the products for
implementation:

0 Software to interpret the TDR traces (Program Moister).
0 Models for computation of volumetric moisture content
0 Computed parameter tables to be included in the IMS database.
0 Routine procedure for processing TDR data and uploading the computed

parameters into the IMS database.
0 A series of feedback reports to clarify and/or correct TDR trace data and related

data.

Recommendations for Future Research

The following recommendations are made to improve the reliability of the computed
moisture content data:
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0 Investigate possible changes in the TDR probe length design, to allow the probes
to be used effectively for a wide range of soil conditions.

a Measure in-situ subgrade density at various depths in the subgrade  at each SMP
section.

l Investigate the interpretation of bulk conductivity of the soils from TDR
measurements.

l Conduct laboratory tests to calibrate and/or validate the volumetric moisture
computation models.

l Evaluate the relationship of the computed in-situ moisture contents to the
backcalculated moduli of the base and subgrade  materials to determine the
sensitivity of the moisture content to the stiffness of the paving materials.

a Evaluate the relationship between the TDR waveforms and the presence of frost.
0 Evaluate the relationship between precipitation and subsurface moisture changes.
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APPENDIX A - PROCESSED TDR TRACES WITH AN ERROR CODE



STATE-CODE SHRPJD
8 1053
8 1053
8 1053 5;; i;
8 1053
8 lrl5.1

I 8 I lrl53  I

.---
8 1053
8 1053
8

8 1053 6/l
8 1053 6/l
8 1053 All

8 lfl!iR

8
I 8

1053 1 7115194 0835 6 bl1053 ' 7ilc;lOA I AOQL I 7 1 . . I

1  f-i.53
t
J -

.  VW.,

1053
8 I 1053 1 7/l
8 I lnr;q  I inI<

r, I”,7-# “DJ”

7115194 0836 A :;
jyl 7194 0838 5 bl

5194 1239 6 bl
u,,22/97 1241 10 bl
71'5194 1240 8 bl

5194 1642 5 bl
5194 1642 6 blEIOA I4cAt-t 7 . .

8 1053 7
8 1053 7 I IV/T-B
8 1053 7/1~lOA

8 1053 , "I.,
8 1053 1 81:
8 1053 ' R'c
8 I n53

I I I31
0 I .

, I,I”,I-l I “L)J

1
,

RI5194 1 0923 5" Fit;
0923 6 bl

-----I

i/94

“I d94 0924 7 ii815194 _--*
UYL4

I
tl

! 1
bl

Lo 7/l  5194 1239 5 bl
7194 0854 i n h l
IOA

8 1053 11/l
8 1053 8/5/T, , 13L, I 08 lfl/l/l/O?  I

I DI
1053 1117 0 a . I

8 1  n.53
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1 STATE-CODE 1 SHRPJD  / SMP-DATE  1 TC
27

I >R-TIME TDR-NO Trace Error Type
I 4040 I l/16/97  I 1300 0 I h l

27
27
27
27
27

4040 1;1ti;97
I

I
I II

1300 I l b

6
I hl

iii;
1

4040 2/ 13/97 0849 I
4040 2113197 ) 0849- - ._ I 1n

io
II hlYI

4040 11/14/96 t 1300 hl
AflA

27 I 4640 9/ 12194
27 4040 9/12/94 I ._. t II
97 AnAn nllr)lnA I

I
1 Aon I n I I-  .

10 I 11;10;94 0854 io iG;
1428 7 bl
1429 R h l

I

5;

, -a”-” , ‘I,  ILIYL)  I I4LY I

1 4040 )
0-l I "file. I ,I

Y I “I I

I L, I 4”4”  I ii1/21/9A 1
9;12;94 1 1429 lb i

I 0842 9 bl
0842 1n hlI

_-,-_,  .
r)7 I AnAn  I lr-l,CII  ,n

;;
4”4” IUlLIIJ4 ,

4040 10/21/94 1 1245

I
27 4040 10/21/94_-,-_, ._._
e-J

;;

I rln.4n  I4WU 1 IC  ,nc
4I iv  Ya 1058

4040 11/10/94 0854
27 4040
27 4040 l/17/95

4-l---T- I -.

hl
10/21/94 1

I
1245 lb ii;
1 bAR I 0 I h lI

lb
I

ii
9 I hl

4;5/95  1
I

1058 9 iii
n9.M I 0 I h l

1
i

--Ef--i
27 4040 , . . , - ,

I

1 l/17/95 I
&

I-. --
1

t lfl I
27 4040 2/l 3195

2;13;95
0902 9 ZIi

27 4040 1 0902 10 bl
27 4040 312195 , n9n7_.__ I 0 I h l

27 4040 312195 1 0902 1n I
27 4040 312195
27
27

I
1 4040 1 3/17/9!i

07 I AnAn I ,

-. -- .-

3;2;95
1305 9 ii

4040 1 1306 10 bl
0852 6 bl
0902 9 bl
1648 10 hl

, .., .-
;; 4UYU  4040 10/21/94 317197

, I
27 4040 2113197 1 1252 9
27 AM0 h/l  3197
;; 1

1
4040 YU4U 1  1 3120197  3/7/97

l-4 - 3 1 3;20;97.-  .

I L,
- - - - t - I1 4040 1I 418197

r)7;; I AnAn  I
4u4u  4040 1 t 4123197 418197

27 4n4l3 1 4j23;97
27 4040 .-  . 4123197
27 4040 4/23/97
27 4040 6/l  3197
27 4040 6/ 13197
27 4040 RI!%E---

.--
082

I
.-  .- .,  -, _.

I
0-JLI I Anlln  I <1 4wu d/5/97  *

I
, . Tz/ I *--a

1 4wu 815197 I
28 1016 815197 llii lb
28 1016 9126197 ' 0827 6 bl
28 1016 9126197 I, 0829---_ II in.- II h lII
28 1016 9126197 1 1232 6 hl 1
28 1016 9126 I97 1233 lb iii
28 1016 9/12/94 1025 8 bl
28 1016 6/13/97 0822 9 bl
28 1016 9112194 1026 10 bl
28 1016 10/15/93 1345 6 bl
28 1016 10/15/93 1345 7 bl
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28 1 1016 1 12/6/93 I

28 1 1016 1 7/13/94 t 1330 lb ii

2
28

,“I”
1016
1016

,L,V,TO
6/15/94
6/15/94

'428
.-.-

t 1016 1 6/15/9

“7L)”
0950
0951
0951

;1 ;5;
9 bl
10 bl

28 1016 8/7/94 1551 7 bl
28 1802 8/7/94 1551 8 bl
28 1802 8/7/94 1552 9 bl
30 8129 817194 1553 10 bl

30 8129 12/6/93 1349 10 bl
30 8129 l/18/94 0942 9 bl
30 8129 l/18/94 0942 10 bl
30 8129 l/18/94 1345 9 bl

L 30 8129 lj18j94 1345 10 ii
30 8129 2 i  14i94 0952 9 bl
30 8129 2 i  14i94 0952 10 bl
30 8129 2 i  14i94 1355 9 bl
?n 0lw-i L,IC,l?A MCI-3 1 L-r,

“I 1.2,7*

2 i  14i94
12/6/93

i/14/94 14/94
3 i  14i94
n/14/94

14/94

v-T-

1628
0946
0837
0837
1240
1240
1643

A
10
9
10
9
10
9

“I

bl
bl
bl
bl
bl
bl
bl
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Trace ErrorType

I ““L I I V I

illA  I
I

33 1 1001 / 12/18/96 1 0923 2 bl
Q-2 I 1nn1  I 1r),t*,n*  I ncvlr I I. I L-7

;;

33
33

f”“l IL, I”,‘I” “‘IL.2

1001 11/20/96 0839 : :;
1001 l/28/97 1101 1 bl

I I"", I i/28/97 1102 2 bl
x-3 I inni

33- 1 IUUI  1
33 I lrml  I
..” ' '*-- ' ii/i/94 0603 3

35 1112 .--. 11/l/94 1216194 0629 1007 3  3 bl bl
35 1112 1216194 1034 3 bl
3.5 1117 l/4/95 0632 2 bi

1037 2 bl
l/l,41 3 kl

1;4;95
l/4/95  , 1-t-+1 I I
217195 1 0637 ; ;I;

li;26/46
I

1344 2 iii
1445 2 bl2;7/i'5

11/20/96 ' 0839 6 bl
5/2/95 0615 3 bl

1020 3 bl
512195 1423 3 bl
6/14/95 1010 3 bl

O/96
11;20/96

0837 2 bl
0837 3 bl

11/20/96 A hl

4/24/97

. . .,  - .,  , . I ,
I 1117 I

I
6128197 I

1

- - I A I hlUI

4128197 0916 ;
i

hl

7, L", I, 1323 ii;
5118197 1448 2 bl
5/ 18197 1452 10 bl
5119197 0856 5 bl
5119197
5119197 1 1301 5 bl
6128197 1 1715 6 hl

.-
1112
1112
1112
1112
1112
1112
1112
1112
1112
1112

,_..
A/78/07

4;24;97 1 0831 lb bi
6128197 1 1729 5 bl

1 0856 6 bl I

35
35
35
35
35
35
35
35
35
35
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STATE-CODE 1 SHRP-ID  1 SMP-DATE ( TDR-TIME TDR-NO Trace Error Type

I LlrllR I Al7lQA  I h l I

nhiA  i A I h l I

zi

4UlO I/U,14

4018 7/6/94
.?I5 An18 7/619A

I1 ;;i;bi
An,0 I -llL.lnA 1016 3 b l

1418 3 b l
1820 3 b l

“ I L I I
AlA

I C;;l;on I 1137 I I h l

0649
0648
1M7

-5

4
2
2
2

b l
b l
b l
b l

1
.--, I

ORA I

0552
1011
nxnx

2
9

bl
b l
hl

~’ ~’4165 5/l  2/95
40 4165 5112195 , vvvv I I
40 4165 319195 I

t
0605---- f ;;

40 4165 2/24/95 1 0 3 1 bl
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1 SHRP ID 1 SMP--DATE 1 TDR-TIME  1 TDR-NO  ( Trace ErrorTvoeSTATE-CODE

46 0804 3/G/95 I "- -1009 2 bl
46 0804 319195 1010 4 bl46 0804 4113195 nL'n ,-, I . _

46 0804 12129194 , ,"a3 DI
46

I I
0804 2124195 1 0626 ; hl

46 0804 8/15/94
46 0804 7/14/94

I UOIU I L I DirncrJ n . . I

5

0550 2 iii

2;11;94
1400 2

1
bl

0804 1 1143 4 bl
I I 403194 1054 10 bl

0658 2 bl
1102 2 bl
1505 2 hl

4t
46
46
46
46
46
46

46
46
46

46

0804
0804 6/27/94
0804 6127194
0804 6127194 ,

1 2
t

0804 6127194 1907 ii;
0804 7/14/94 I ns.53 I 2 1 bl, ----

1 I 2;ll;94
, 1

46 0804 0739 I
0804
0804
0804

2;11;94
8115194
8/15/94

4 bl
0738 2 bl
0954 2 blIns-) 1 _

1 ii15/94
I500 z t31

0804 I 1758 2 bl
0551 2 hl46 0804 9;15/94 ,

46 0804 1 2
I

9115194 0955 ii;46 0804 9115194 1 lQE7 I r) I L,

46
46 0804 10;20;94
46 0804 7114194
46 0804 11/10/94
46 0804 2/11/94 l---T
46
46
46 0804 1 12116193 1 1507 4 i5;
46 0804 1 8/21/97 1 fl979 I7 4 al

I ““I

1 0804 1 l&20/94 0715 ; ;;
1119 2 bl
0958 2 bl
0558 2 bl
J742 10 bl

1 0804 ( lilld/93 0659 4 bl
0804 1 12116193 1104 4 hl

46 1 0804 1 8;21;i+
-.-. I

1 1337 I
46
46
46
46
46
46
46
Ah

I al
0804 6;10;97

4
' naAn I n I a...

0804 6/10/97
0804 6/10/97 II Ix.79
0804 1 3120197 1 &iii

II 1 oi

2;15;97
---- I 1 bl

0804 1227 1 bl
0804 2/l 5197 0821 1 bl
0804 l/23/97 n7!i3 1 bl

I uo4u I
;

I WI
1246 OT I

0804 I 12/11/96
ii 0804 12;11;96
46 0804 11/13/96
46 0804 4121197
46 0804 5/16/97
46 0804
46 0804

1 46 -t
---
0804

46 1 0804 1 5130197
46 I 0804
46
46

---
0804
0804

46 0804 5;30;97 1 0851 2 OT
46 0804 6/24/97 1 I-IOA  1

-.

I A A T
VI

46 0804 3128195
46 9187 1 3j28;95

1505 9 bl
0658 9 bl
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46 1 9187 1 314197
Ah I 9187 I

46 9187 4;15;07 I I lfl

46 9187

STATE-CODE SHRPJD
46 I 9187 1 214197

46
46
46
A6

.-.9187

9187
9187
9187

8123.  -,  --8
8/23/94 1 1458 8 bl
12/20/94 1 0707 9 bl
12/20/94

ii
. .-.

I 9187 I
46 9187 9jllj96 ,
46 9187 A/19/97 I fM3A 1
Ah 9187
ii

. .-.
1 9187 1

I

sii iii;, 1057 1057 1 0  9 bl bl
9/11/96 1434 9 bl

1434 10 bl

X9; I 1 it& 6  5 bl hl
6119197 I 1246
.,,,;97
8121197
8121197
9125197

1440 6 bl
0929 10 bl
0927 6 bl
0932 10 bl

46
Ar,
46
Ai4;;

46

( 9187 1 Q;7&'7 1 1RRA I 0 I hl

I 91R7  I
‘I-.s,  I,

/ 9187 I  .-. ( I 10/30/97 10/30/97
I &if  I 8/31-;07,
1

9187 II",
1

11/12/97 v,-*,  ,I

1 9187 I 11/12/97

*---
0958 1410
0929 0836

1240

lb 10
9 9

9

ii bl
OT bl

OT
46 1 9187 1 1;17/96 1 0848 1 bl
46 / 9187 1 2128196 1 1249 4 bl
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48 1060 3129195 1336 9 bl
48 1060 3/29/95 1336 10 bl
48 1060 4/18/95 1118 2 bl
48 1060 4jiaf95 1122 9 bl
48 1060 4118195 1122 10 bl--
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fi

STATE-CODE SHRPJD SMP-DATE TDR-TIME TDR-NO Trace ErrorType
48
ii

I 1n77.-.  . I a/22/94 0740 10 bl
I 1077 I 8122194 1143 3 bl

1143 4 bl
1546 10 bl
1143 6 bl

A 8 8;77;QA
1546 9 bl

1 ln77 1 llA3 R bl
hl4;;

48
48
48
48
Aa

1077 I”, , v,--, a/22/94 I  . 1143 " '- 6
1077 8122194 1143 10 ii;
1122 a/22/94 1546 3 bl
1122 8122194 1.5Aa.5 A
1122 8177194
1122

ii
48
48
48

-, - _.
8122194
Rl77lC’A3735 V,Lh,  IT , . -~_- I I

3739 10/18/94 I 9 I
3739 a/22/94
3739 12/13/94

48 4142 1 12;13;94
48 4142 1 17/13/9A.-, ._,

1211319448 4142 .-, .-.
48 4142 10/18/94 0800 7
48 4142 12113194 1550 10 I
48 4142 11/15/9A 1152 9
A 8 41A2

48 4142 lCillid96
48 4142 10/15/96
A8 4142 12113194I .---  I

4142 1

I -, -, I I

1152 1-L
0748 7 bl

bl

48
48

.- .
4142 11/15/94 0749 lb

bl
bl

4142 11/15/94 1151 4 bl
4142 11/15/94 1151 6 bl
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STATE-CODE SHRPJD SMP-DATE TDR-TIME TDR-NO Trace ErrorType
48 4142 11/15/94 1151 7 bl
48 4142 11/15/94 1152 8 bl
48 4142 7126194 1100 9 bl
48 4142 11/15/94 0746 4 bl
48 4142 8122194 0740 3 bl
A* Al/l3 lr-lll~lO1 l-l814 8 hl
L(”

#IQ

iii

48
AA

ii

48
48
48
48
48
48
A 8

, LtlLtG , I”, ‘“I’”  , “““7 1 I

I Al/l3 I lfl/l.~/O3 0835 ; iii
nmi 10 bl /

-Tl-fL ‘.A, “I IV

4142 10/15/93 ( ----
4142 10/15/93 ) 1231 s bl
A142 10/15/93 1 17.17 I 9 I hl

1

* WV- I 4
1737 lb I ii 14142 lojl<j93 , .--- I .- I

4142 11/15/93. , . -, . - I 1333 4 bl
4142 ll/lF;/O1  I, ,,,v,rv lR??.vvv I 5

i
I hl

4142 11/15/93 1335 ii;
4142 7126194 0710 8 bl
4142 11/15/93 1334 6 bl
4142 OILVIY’)

AlA 6120194

. , -, -

L ,e-srr,rl”

VI--,  _ .
6120194
h 131-I IOA

1103
1103
1103
1103
1103
17rl7

bl
bl
bl
bl
bl
hl

t
iii

I .---  I

1 AlA2 1 il76l9A

48 4142
48 4142 v/Lv/~- ,
48 4142 7126194 1 c .v. I I
A 8 4142 7/26/94 1 n7m 4 i i

7/7h19A  I V,“Y I Ll I VI

48 1 4142 (
AA 1 4147 1
ii
A 8

, , - -, . -. -.
h 13i-i  IOAV/L”,  z-l 0700 9 bl
7126194 0710 7 bl
6120194

I
n7nn-.  -- / 8 bl

7126194 0711 9 bl
10 bl.-

1 4142 , 1 7126194 7126194
0711
1100 3 bl

I 4142 1 7126194 11nt-l A blI . - - I
I 1100 5 bl48 1 4142 1 7 I9hlOA

I,L”,7-t ,

. .- , 7/26/94 1 1100 6
1 Al A 2 1 7126194

48 I 4147 I
48 1100 7 bl
48 4142 7j26j94 1100 8 bl
48 4142 !illh/9,5 bl-, -, . - 0 9 4 9_. 4
48 4142 7/26/94 1 0709 6 bl..__,. ,
48 4142 12/14/93 1 1200 10 bl
A 8 4142 7/26/94 1 llnn I

bl I

bl I
bl. . , -, . - 1336 9 I

ll/lK/O1 I I in I hl

We -- I

n75h I
-, . . , . -
13/1A109 0757 9 bl

I n757 bl

-,--, .
13/1/l/07  I 1200 9 bl

I 7 I hl

I - - -
l I in I hl

3 I
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STATE-CODE SHRPJD 1 SMP-DATE / TDI
48 4142
48 4142 6/20/94
48 4142 6/20/94
48 4142 6120194
48 4142 12114193
48 4142 l/26/95
48 4142 7/17/97 I C
48 4142 8118197
48 4142 7/l 7197
48 4142 10/15/96 -.
48 4142 10/15/96 1 1439 A I h l
48

I 48 4142 71
48 4142 10115196
48 4142 7/l 7197

I I

8 I h l

6120197 1 1230 4 iii
1230 5 bl
339 8 bl
139 7 hl

15/96 1439 Ib
1410 6 bl
1410 7 bl

5197 1410 9 bl
1410 10 bl
1410 5 bl
1410 R h l

1 0858 9 ii
158 10 bl
158 8 h l

I II

5197  ) 1006 i hl

5197  1
I

1006 8 Li

94



I ot

I
I 5 O T

48 1 4142 1 2/15/94 1 1162 4 O T
0854 6 O T

I 8 bl_-
1323  1 10 1 b l  1
1320 8 oi
0831 3 O Tn

0837
I I

1046 I

0848
I CIT 1

I200 3 bl
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98



99



100



1 0 1



STATE-CODE SMP-DATE

I a3 I 3

,;
I I I UI
I 5 I L.1 I

83 3802 l/23/97 1339
83 3802 2120195 094.
83 3802 4/21/95 0748
83 3802 12119194 0746
83 3802 12/19/94 '
83 3802 12119194 I 11.m

I 12119194

0746 1 6 1 bl

I
- - - -

* I I aan.  I

;I is
5 bl

I A I L-7

83

83
83
a3

.-_

IL,  ,r,rr 1150 6 ;(;
3802 -v-w l/20/95 l/20/95 0851 085 5 bl

1 6 I bl
3802 11/21/94 081.9 I 7 kl
3802 2120195 0840 b iG
38113 11/21/94 0818 6 bl

3/10/95 oRlo 583
----

1 3802 1 _..~._
rJ,rnrnr

83 3802 10/24/94
83 3802 10/24/94

0812 I

t-
0812I 83 3802 ii.-...

I 83 83 3802 3802 lo/24 lo/24194
-- ._ I I UI

0813 I 9 I k l I

ai I1 oiis 8 ;I;
I a3 1 3802 1 10/24/94 I fMlA

--. .
I
I

0
,

I L-l
I UI

I

I
1194 1217 I 3 I A1 i83

83
a3

3802 --_- 1 10/2L  .-'- , .-.. I I VI
3802 1 12/19/94 I 0745 I d I kl t
3P102 1 10;24;94

I
1217 I 6 I ;s;

0744 I 6 bl
0745 7 bl

102



83 3802 8/11/94 0750 9 bl
83 3802 8/11/94 1153 3 bl
83 3802 8111194 1153 4 bl
83 3802 8111194 1153 5 bl
83 3802 8111194 1153 6 bl..--
83 3802 8111194 1153 7 bl--_- -
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STATE-CODE SHRPJD  SMP-DATE TDR-TIME TDR-NO Trace ErrorType
8.1 1 RRfl3 1 RllllOA 1153 8 bl

1153 9 bl
rT7AA A h l“,L(” I L)

I n7E;n I x I h l I
-

‘IL”, I7

83 1 3802 ---- , 1 9126194
9126194
nra.c  rn"

I 11633 I c I hl II v I
1152 6 bl
n7AC I 9 I h l

1 RRfl7  1 Ol3hlOA

I 3 I “I

1 n o 1 7 I A I h l iI Y,

013A10A  I llK9 I 21 I h l I

ii 3802 . . ..--

,,-.s, IT

9126194 , V,L(Q
87 1622 7119194 ( VT,,
87 1622 ,,hv,n-. u 1-L,
87 . --- ,I.',,-.
87 1622 7119194
87 1622 7119194 , "l&l
87 1622 7119194 , "IL,
87 1622 7119194 I 0721

I ” I II

1 lA77 1 7llOlOA 0721 3 bl
0721 4 bl
n7r)  1 lz h lI \)

1 n73i I x I h l I

1

I

87 1622 7119194 0721 8 bl
87 1622 8/11/94 0750 8 bl
87 1622 7119194 0916 3 bl
87 1622 8/l  l/94 0750 7 bl
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APPENDIX B - SELECTED TDR TRACES FOR PRECISION AND BIAS STUDY
OF THE COMPUTED APPARENT LENGTH
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Figure 58. TDR trace 03 for precision and bias study.
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Figure 60. TDR trace 05  for precision and bias study.
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TDR trace selected for precision and bias study of the computed apparent length, La
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Figure 65. TDR trace 10 for precision and bias study.
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Figure 66. TDR trace 11 for precision and bias study.
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Figure 68. TDR trace 13 for precision and bias study.
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TDR trace selected for precision and bias study of the computed apparent length, La
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Figure 72. TDR trace 17 for precision and bias study.
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TDR trace selected for precision and bias study of the computed apparent length, La
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Figure 78. TDR trace 23 for precision and bias study.
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APPENDIX C - LIST OF SOIL PROPERTIES USED IN THE MODEL
DEVELOPMENT AND NEEDED SMP SOIL PROPERTIES

Table 20. Laboratory soil and property data used in the volumetric
moisture model development.

1 3 1



Table 21. Needed soil properties for the SMF sites.

Section / Layer I Soil Type 1 Dty  Density 1 Percent passing following sieves 1 Plastic I Liquid

133019 Base Coarse 2 2.16
133019 Subgrade Fine 1 1.48
133019 Subgrade Fine 1 1.48
133019 Subgrade Fine 1 1.84
161010 Base Coarse 2 2.05

1 161010 ISubgradelCoarseI  1 1 1.88 1 1 1 I
183002 Base Coarse 2 2.07 1
183002 Subgrade Fine 1 1.83 3 100 97.5 96 94.5 67.4 16.5 30.5
183002 Subgrade Fine 1 1.83 1 0 100 97.5 96 94.5 67.4 16.5 30.5
204054 Subgrade Fine 1 1.78 2 100 99.5 98 97.5 91.5 20 42.5

Fine 1 1.78 10 100 99.5 98 97.5 91.5 20 42.5
1 231026 1 Base 1 Coarse 1 2 I 2.27 ) 1 I I

231026 ISubgradel Coarse ( 1 I 1.96 1 1 I
241634 ISubgradel Fine 1 1 1 1.79 1 2 1 100 1 100 1 99.5 1 99 1 98.5 1 0 1 0
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Table 21. Needed soil properties for the SMP sites (continued).

Sect ion Layer Soil Type Dry Density Percent passing following sieves 1 Plastic 1 LiquidI I I
I D type type 1 Source g/cm3  ISource  11/2  in]  l/2 in]  No4

c:..r  I 1 170  I in lnfl I lrln  loos;

271018 Subgrade Coarse 1 1.83 1 0
271028 Subgrade Coarse 1 2.02 3
271028 Subgrade Coarse 1 2.02 1 0
274040 1 Base 1Coarse1 2 I 2.07 I 1 1
274040 ISubgradel Fine 1 1 1 1.81 / 3 I 100 1 98 97 94.5 76.0 18.5 35.5

97 94.5 76.0 18.5 35.5



Table 21. Needed soil properties for the SMP sites (continued).

370205 Subgrade Fine 1 1 A4 1 0
370208 Subgrade Fine 1 1.41 1
370208 Subgrade Fine 1 1.41 1 0

ISubgradej Coarse\ 1 1 1.54 I 10
/Subgrade Coarse1 1 1 1.35 1 1

1 421606 1 Base I Coarse1  2 I 2.03 I 4 I I I I I I
87.5 78.5 1 73 47.3 18.5 31.5
87.5 78.5 1 73 47.3 18.5 31.5

I

I
I

469187 Subgrade Fine 1 1.85 1 0
481060 Base Coarse 2 1.95 1
AO,#-ux-l C.  .L-..r.A-r PIIIII 1 1 *I. 1
-0 lvu” ,3”“yluua, b”“13Fi, I , I.“” , I , I I I I
.---.- - . - I . ,...I .rrI

48 lob0  Isutmraael  coarse 1 I I 1.00  I IU I I I
48106b  I wst: ILOUIS~:I  L I ~.uu  I I I
4-.---181068 kubnradel  Fine 1 1 1 1.55 1 1 1 100 1 100 1 11,---~.---, ..--- , , xl 93
481068 ]Subgradel Fine ’i ’ ’ nM ’I \L.W\ 1 1 100 1 l&l I 100

93 74.0 18 38 I

481077 1 Base  1Coarse1 2 1 2.14 1 1 I
481077 /Subgrade Fine I 1 I 1.72 I 1 I 100 I 97.5 I 95.5 95 62.7 0 0

~74.0 18 38

481122 1 Base ICoarse 2 I 1.82 I 1
1 481122 I Base ICoarse] 2 I 1.85 I 1

484142 Base Coarse 2 1.85 1 1
m

I
484142 Subgrade Coarse 2 1.75 1
ARAl  A? Finn 1 1 7 7 1



Table 21. Needed soil properties for the SMP sites (continued).

rer 1 SoilType 1 Dry Density 1 PeiSection La\ cent passing following sieves Plastic Liquid
I D tvw type Source g/cm3 Source 11/2 in l/2  in No4 No10 No200 limit l imi t

510114 Base Coarse 2 2.13 11
-_-_- . - . . -. . I, I \

I1 510114 -_-_-. lsubgraael  - Fine -.  1 2 1 I.60  I 2 I I I I I I I
31 2 11.861 1 0 ’510114 subgraae FinE

533813 Base Coarse 2 1.88 1
533813 Subgrade Coarse 2 1.82 1
561007 Base Coarse 2 2.05 1
56100 7 /Subgrade Coarse 2 1.92 1 1 I I I I I
831801 1 Base Coarse 2 2.08 1 I

I Coarse 2 2.08 9

11  ISubgradel  Coarse/ 1 . 7 1 I 1 0

871622 Base Coarse 2 1.95 1
871622 Base Coarse 2 2.00 1
871622 Subarade Fine 1 1.81 1 98.5 97.5 97 96 48.2 0 0_

1 906405 ISubgradel  Coarse I 1 I 2.04 I 1 0
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APPENDIX D - SEASONAL VARIATION IN VOLUMETRIC AND GRAVIMETRIC
MOISTURE CONTENT AND DAILY RAINFALL
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Figure 8 1. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 040 113 in Arizona.
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Figure 82. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 040114 in Arizona.
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Figure 83. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 0402 15 in Arizona.
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Figure 84. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 041024 in Arizona.
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Figure 85. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 063042 in California.
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Figure 86. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 08 1053 in Colorado.
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Figure 87. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 091803 in Connecticut.

143



zs
60

I
cr
5 5 0
Eci
0 40 I i

--C-TDR-No 1
+ TDR-No 2
+TDR-No 3
+TDR-No 4
+TDR-No 5
-O- TDR-No 6
+TDR-No 7
-TDR-No 8
- TDR-No 9
-+-TDR-No 10

Apr-95 Jul-95 act-95 Feb-96 May-96 Aug-96 Dee-96

Test date$ 40
d=
5
g 30
0
t
=I
% 20

%
0
‘t
I 10
E

‘5:

6 0

Apr-95 Jul-95 act-95 Feb-96 May-96 Aug-96 Dee-96

Test date

160, I

E 140
r” 120
f 100
z 60

2 60
$ 40

20

0

Date

Figure 88. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 13 1005 in’Georgia.
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Figure 89. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 13 103 1 in Georgia.
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Figure 90. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 133019 in Georgia.
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Figure 91. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 161010 in Idaho.
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Figure 92. Seasonal variation in volumetric and gravimetric mhture content
and daily rainfall for section 183002 in Indiana.
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Figure 93. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 204054 in Kansas.
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Figure 94. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 23 1026 in Maine.
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Figure 95. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 241634 in Maryland.
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Figure 96. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 25 1002 in Massachusetts.
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Figure 97. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 271018 in Minnesota.
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‘Figure 98. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 271028 in Minnesota.
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Figure 99. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 274040 in Minnesota.
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Figure 100. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 27625 1 in Minnesota.
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Figure 10 1. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 281016 in Mississippi.
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Figure 102. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 28 1802 in Mississippi.
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Figure 103. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 308 129 in Montana.
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Figure 104. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 3 13018 in Nebraska.
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Figure 105. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 33 1001 in New Hampshire.
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Figure 106. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 35 1112 in New Mexico.
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Figure 107. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 3640 18 in New York.
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Figure 108. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 370201 in North Carolina.
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Figure 109. Seasonal variation in volumetric and gravimetric moisturk  content
and,daily  rainfall for section 370205 in North Carolina.
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Figure 110. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 370208 in North Carolina.
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Figure 111. Seasonal variation in volumetric and gravimktric  moisture content
and daily rainfall for section 3702 12 in North Carolina.
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Figure 112. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 37 1028 in North Carolina.
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Figure 113. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 404165 in Oklahoma.
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Figure 114. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 42 1606 in Pennsylvania.
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Figure 115. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 460804 in South Dakota.
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Figure 116. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 469187 in South Dakota.
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Figure 117. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 48 1060 in Texas.

173



8 6o +TDR-No2

g 50 - +TDR-No3

5 ---i+ Series4

0 40 +TDR-No5

f!

ii -O-TDR-No

6

30 73 +TDR-No

z -TDR-No6
0 20‘I -TDR-No9

iii5 -0-TDR-No 1010

$ 0 I #

Jan-93 Jun-94 Ocl-95 Mar-97 Jul-98

Test date8 40
4=
f
g 30
0

f
s 20
P
0
‘t
?i 10
E
5
r!

c3 0 I
Jan-93 Jun-94 act-95 Mar-97 Jul-98

Test date

160
160

E 140

Figure 118. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 481068 in Texas.
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Figure 119. Seasonal variation in volumetric and &avimetric  moisture content
and daily rainfall for section 481077 in Texas.
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Figure 120. Seasonal  variation in volumetric and gravimetik inoisture contetit
and daily rainfall for Section 48 1122 in Texas.
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Figure 12 1. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 483739 in Texas.
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Figure 122. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 484142 in Texas.
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Figure 123. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 484143 in Texas.
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Figure 124. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 491001 in Utah.
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Figure 125. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 493011 in Utah.
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Figure 126. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 50 1002 in Vermont.
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Figure 127. Seasonal variation in volumetric and gravimetric  moisture content
and daily rainfall for section 533813 in Washington.
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Figure 128. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 561007 in Wyoming.
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Figure 129. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 83 180 1 in Manitoba.
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Figure 130. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 833802 in Manitoba.
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Figure 13 1. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 871622 in Ontario.
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Figure 132. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 8930 15 in Quebec.
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Figure 133. Seasonal variation in volumetric and gravimetric moisture content
and daily rainfall for section 906405 in Saskatchewan.
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